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ring structure due to ballistic transport and also with other
‘‘short time scales’’ estimated on the grounds of gravitationalIn this paper we address the question of compositional evolu-
torques. However, uncertainty in the flux of interplanetary de-tion in planetary ring systems subsequent to meteoroid bom-
bris and in the ejecta yield may preclude ruling out a ring agebardment. The huge surface area to mass ratio of planetary
as old as the Solar System at this time.  1998 Academic Pressrings ensures that this is an important process, even with cur-

rent uncertainties on the meteoroid flux. We develop a new
model which includes both direct deposition of extrinsic meteor-
itic ‘‘pollutants’’ and ballistic transport of the increasingly pol- I. INTRODUCTION
luted ring material as impact ejecta. Our study includes detailed
radiative transfer modeling of ring particle spectral reflectivities 1.1. Overview on Ring Composition
based on refractive indices of realistic constituents.

Since the Voyager encounters with Saturn, the composi-Voyager data have shown that the lower optical depth regions
tion of the rings has received little attention relative toin Saturn’s rings (the C ring and Cassini division) have darker

and less red particles than the optically thicker A and B rings. their surprisingly complex structure. Water ice has long
These coupled structural–compositional groupings have never been accepted as the most prominent component of ring
been explained; we present and explore the hypothesis that composition (see reviews by Cuzzi et al. (1984) and Espo-
global scale color and compositional differences in the main sito et al. (1984). However, there is a rather large overall
rings of Saturn arise naturally from extrinsic meteoroid bom- decrease in reflectivity (blue absorption) shortward of 0.6
bardment of a ring system which was initially composed primar-

em wavelength, giving the rings a slightly non-gray, veryily, but not entirely, of water ice. We find that the regional color
pale tan or salmon color (Estrada and Cuzzi 1996; hence-and albedo differences can be understood if all ring material was
forth EC96). These properties require some non-icy con-initially water ice colored by tiny amounts of intrinsic reddish,
stituents of as-yet unidentified nature (Lebofsky et al. 1970,plausibly organic, absorber, which then evolved entirely by
Lebofsky and Fegley 1976, Clark 1980, Clark and McCordaddition and redistribution of extrinsic, nearly neutrally col-
1980, Cuzzi et al. 1984, Esposito et al. 1984). Whereas theseored, plausibly carbonaceous material. The regional composi-

tional differences result from different susceptibilities to pollu- visible and near-IR spectra refer only to the top millimeter
tion of regions with very different surface mass density. or less of the surface, microwave observations probably

We further demonstrate that the detailed radial profile of sample the bulk of the ring mass. Interpretations of the
color across the abrupt B ring–C ring boundary can constrain microwave data constrain the mass fraction of any non-
key unknown parameters in the model. We carefully reanalyze icy material to be less than 10% (Cuzzi et al. 1980, Epstein
and revise meteoroid flux estimates by Cuzzi and Durisen (1990,

et al. 1980, 1984) and perhaps even less than 1% (GrossmanIcarus 84, 467–501) and estimate the duration of the exposure
1990) by mass if uniformly distributed.to extrinsic meteoroid flux of this part of the rings, at least, to

Ring photometry by Voyager 1 revealed that the mainbe on the order of 108 years. This conclusion is easily extended
ring regions differed significantly in the albedo of theirby inference to the Cassini division and its surroundings as
constituent particles; Smith et al. (1982) showed that thewell. This geologically young ‘‘exposure age’’ is compatible

with time scales estimated elsewhere based on the evolution of C ring and Cassini division particles had single scattering
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albedo of 0.15–0.2, while the B and A ring particles had and found that certain otherwise unexplained aspects of
ring structure do seem to be natural byproducts of what issingle scattering albedo of 0.4–0.5 (see also Cuzzi et al.
referred to as ‘‘ballistic transport’’ of meteoroid ejecta.1984). These conclusions have been confirmed and refined
These include the fairly abrupt inner edges of the A andby subsequent work (Dones et al. 1993, Doyle et al. 1989,
B rings, the very similar linear ‘‘ramps’’ connecting themCooke 1991). Even the higher A and B ring particle albedos
to the Cassini division and C ring, respectively, and possiblyare much too low for impurity-free ice. Voyager data
also the ‘‘irregular structure’’ found in the inner A and B(Smith et al. 1982, EC96) also show that the ring colors
rings. The subject has been reviewed recently by Porcovary significantly on both regional and local radial scales
(1995) and Cuzzi (1995).(Fig. 1). A general grouping thus appears such that the

lower optical depth regions (the C ring and Cassini divi- 1.3. Goals of This Work
sion) have darker and less red (not ‘‘more blue’’) particles

Our task was to see (a) whether the meteoroid bombard-than the optically thicker A and B rings (EC96). These
ment process is qualitatively consistent with regional andcoupled structural–compositional groupings have never
local compositional (color) differences in Saturn’s ring sys-been explained; in this paper we present and explore a
tem and (b) to see whether yet another independent esti-hypothesis that global scale color and compositional differ-
mate of ring age might be obtained by comparing theseences in the main rings of Saturn arise naturally from ex-
models with the data of EC96. We will make use of certaintrinsic meteoroid bombardment of a ring system which was
aspects of the numerical models and conclusions of Duriseninitially composed primarily, but not entirely, of water ice.
et al. (1989, 1992). The models we describe in this paper
share several parameters with the structural evolution

1.2. Meteoroid Bombardment as a Process
models, but they enter in slightly different ways. In the
work of Durisen et al. (1989, 1992), local mass density isBecause of their huge ratio of area to mass, ring systems

are far more susceptible to the effects of extrinsic bombard- largely conserved by a high-order balance between the
small amount of material which is transported directly byment than the solid surfaces on which the effects of impacts

have long been known to play a role. Estimates of the a great distance, and a small radial reflex adjustment by a
much larger amount of local ring material. These modelsbombarding flux by Morfill et al. (1983), Ip (1984), and

Cuzzi and Durisen (1990, henceforth CD90) differ some- do not follow actual parcels of matter, but instead treat
the ring material as homogeneous everywhere. Our modelswhat but all imply that Saturn’s rings are impacted by

close to their own mass over the age of the Solar System do keep track of the radial evolution of materials of differ-
ent composition, incorporate accurate modeling of all the(discussed more in section 4.2).

Several ‘‘short time scale’’ aspects of the meteoroid bom- ejecta and orbital dynamics and include our best estimates
of ring viscosity. On the other hand, the models presentedbardment process have been identified. Ip (1984) and Lis-

sauer (1984) noted that meteoroid infall decreases the an- here do not allow ring structure to evolve; this simplifying
assumption is discussed further below. Also, the work pre-gular momentum per unit mass of the system, leading to

some inward radial evolution. CD90, using their flux value, sented here relates to an entirely independent data set and
thus provides an independent constraint.showed that this effect leads to loss of the C ring material

into Saturn in 107–108 years. Doyle et al. (1989) noted that Using these models, we conclude that the extrinsic
bombardment/ballistic transport process not only holds upthe relatively high albedo of the A and B ring particles

was inconsistent with their having retained more than a well under this scrutiny, but in fact provides a straightfor-
ward explanation for the coupled structural and composi-small fraction of this presumably primitive, carbonaceous,

‘‘Halley dust.’’ They suggested that this implied a geologi- tional properties of Saturn’s main rings. Furthermore, ra-
dial compositional variation resembling that which iscally recent origin for these rings. These constraints are

made even stronger if the rings are less than 1% non-icy observed in Saturn’s rings is apparently produced by the
ballistic transport process in a small fraction of the age ofmaterial, as suggested by Grossman (1990; this strict 1%

limit was not mentioned in the only publication of this the Solar System.
In Section 2 we provide an overview of our methodology,work, by Grossman et al. (1989). Other short time scales

are more closely related to the material ejected than the and in Sections 3 and 4, we give a detailed two-part descrip-
tion of our model. In Section 5 we focus on refractivematerial remaining. Northrop and Connerney (1987) sug-

gested that the loss to Saturn’s ionosphere of water mole- indices of the ring material at two ‘‘typical’’ end-point
locations. In Section 6 we discuss how detailed radial pro-cules and grains generated by impact could explain the

unusually low ionospheric electron density, and obtained files provide a good constraint on the ring age. In Section
7 we discuss the implications and note several lines ofanother youthful age for the rings. In a series of papers,

Durisen and colleagues (1984, 1989, 1992, 1996) have de- future work that would be of interest. The numerous pa-
rameters are summarized in Table 4 at the end of the paper.scribed the structural influence of meteoroid bombardment
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FIG. 1. Solid lines show the radial profiles of color ratio between brightness in Voyager G, V, and UV filters, in the radial region of interest
here (from Estrada and Cuzzi 1996). The inner edge of the B ring is at 1.525rS . Dotted lines show the radial profile of normal optical depth in the
Voyager Clear filter, for which the vertical scale is from 0.0 to 2.0.

2. OVERVIEW OF METHODOLOGY to the C ring. Our methodology is rather novel and, al-
though conceptually simple, draws on many different ele-

We assume that the rings all originate with some uniform ments. Before describing any of it in detail, we present
‘‘primordial’’ composition (primarily water ice); we hy- here a very schematic sketch of the logic.
pothesize that radial changes in composition result only
from extrinsic meteoroid bombardment. In this initial pa- (1) We argue that the illumination and viewing geome-

try simplifies the radiative transfer to the extent that allper, we model the inner edge of the B ring and its transition
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multiple scattering may be neglected and thus that ob- scaling arguments. It appears most likely that the rings
initially contained a small admixture of fairly red materialserved profiles of reflectivity ratio (at two different wave-

lengths) translate into profiles of albedo ratio (Section 3.1). and have been polluted over time by fairly neutral, extrinsic
material (Section 5.1).The particle albedo is modeled using a Hapke-type regolith

radiative transfer approach. Individual regolith grains are (4) Average material refractive indices are converted
to mass fractions of water ice fi , initial intrinsic non-icytaken as independent scatterers with wavelength-depen-

dent refractive indices (Sections 3.2, 3.3). A phase space absorber fa , and extrinsic meteoritic material fe by compari-
son with plausible candidate intrinsic and extrinsic materi-of ring particle albedo ratio between Voyager UV (345

nm), V (413 nm), and G (562 nm) filter passbands and als of the proper spectral shape. Several known candidate
materials have properties consistent with these non-icyaverage (Clear filter) albedo is constructed (Section 3.4).

We explore the evolution of ring particle color and albedo constituents; their fractions must remain consistent with
constraints on the total non-icy material set by other obser-in this phase space as one sort of material is admixed with

another, and illustrate the utility of this approach with vations (Section 5.2). Mass mixing ratios result for different
materials which reflect only the cumulative fluence of mate-some comments about satellites in the Jupiter and Sa-

turn systems. rial, and can provide an age constraint only if both the
mass flux reaching the rings, ṡe , and the efficiency, h,(2) In Section 4 we describe our model of the ‘‘pollution

transport’’ which results from deposition of meteoritic ma- are known.
(5) In order to resolve this ambiguity we resort to de-terial and its distribution by subsequent impact ejecta. We

first parametrize the ring normal optical depths t(r) and tailed modeling of the shapes of radial profiles. In Section
5.3, detailed modeling of radial profiles using our transportmass densities s(r) (Section 4.1). We then discuss the mete-

oritic flux and its direct effects (Section 4.2). We next model is presented, using the methodology of Section 4.
A radial profile of ring particle albedo ratio, between ap-describe how two independent points in the rings would

evolve differently, depending on their local optical depth propriate Voyager filters, is calculated as in (2) above.
The shape of the C ring–B ring transition depends onand mass density (Section 4.3). In Section 4.4. we describe

our numerical model for ballistic transport of ejecta and a combination of model parameters which allows us to
establish the ring exposure time in units of the ‘‘grossredistribution of ‘‘pollutants,’’ in which we track the de-

tailed radial distributions of both the temporally increasing erosion time’’ tg P s/(Y0ṡe), where Y0 is ejecta yield. These
profiles are compared with observed color ratio profilesextrinsic component with mass fraction fe(r, t), and a pri-

mordial (icy) component with abundance 1 2 fe(r, t). We (Estrada and Cuzzi 1996).
(6) The end result is an optimum combination of modeluse those parts of the numerical code of Durisen et al.

(1989, 1992) which calculate the mass transferred between parameters that gives an estimate for the primordial ring
composition and, in principle, an actual age for the ringsany radius and any other radius; radial drifts are accounted

for in an approximate fashion. As material is transferred in terms of the extrinsic mass flux ṡe and ejecta yield Y0

(Section 5.4). Current estimates of flux and ejecta yieldfrom place to place, the new constituents are assumed to
be uniformly mixed with material previously there while lead to exposure ages much less than the age of the Solar

System, but this conclusion remains subject to uncertaintiesthe total s(r) and t(r) are assumed to remain the same.
The transport model is parameterized by ejecta yield and in the impact ejecta yield and the extrinsic mass flux.
velocity distribution, as discussed by CD90 and Durisen

3. RADIATIVE TRANSFERet al. (1992), and by one new parameter setting the retention
efficiency (h) with which extrinsic (absorbing) material re-

In the next few subsections, we describe our approachtains its optical properties after hypervelocity impact
to modeling the spectral reflectivity of the rings for compar-(Doyle et al. 1989).
ison with observations. This primarily involves modeling(3) In Section 5, we use this methodology to determine
the albedo of the ring particles from material refractivering particle refractive indices. Initially, two extreme radial
indices; our ratio approach suppresses any dependence onpoints (1.40 and 1.60 Saturn radii) are used with our al-
particle phase function or ring layer effects.bedo–color phase relationship to determine the current

ring particle refractive indices at these locations. As in
3.1. Ring Layer Reflectivity

Section 4.3, the two regions are treated as of identical
initial composition, evolving independently due merely to Voyager imaging observations provide the reflectivity of

the rings over a range of specific illumination and viewinglocal deposition of meteoritic material. We seek a combina-
tion of candidate refractive indices at three wavelengths geometries; the reader is referred to Cuzzi et al. (1984) for

basic aspects of ring photometry and additional references.and the mass mixing ratios implied by those values. The
‘‘primordial’’ ring composition is inferred by correcting In the backscattering, low ring tilt angle Voyager geometry,

the ring reflectivity I/F is very well approximated by ne-for its accumulated component of extrinsic material, using
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glecting multiple scattering (Cuzzi et al. 1984, Cooke 1991, variety of parameters within different sets of functional
forms purported to represent the physical situation HapkeDones et al. 1993, EC96),
1981, Lumme and Bowell 1981). Some degree of contro-
versy attaches to different aspects of this modeling; ques-I
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DG , (1) tions as to the role of shadowing (both interparticle and

surficial), diffraction, and packing effects in realistic rego-
liths render the various parameters of the models of uncer-

where the incident flux is fF, S is the scattering function, tain diagnostic value and make calculation of reliable parti-
e is the cosine of the emission angle, e0 is the cosine of cle phase functions from basic principles problematic.
the incidence angle, and Al and Pl are the particle albedo However, in spite of the various pitfalls, it has been shown
and phase function, respectively (Chandrasekhar 1960; cf that such ‘‘first principles’’ calculations of wavelength-de-
also Cuzzi et al. 1984). pendent total reflectivity from refractive indices can give

Uncertainties in the scattering function S of a realistic good agreement with laboratory observations (Clark and
ring layer due to effects such as particle packing volume Roush 1984).
translate into uncertainties in the derived ring particle al- To calculate the ring particle albedo Al , we will adopt
bedo (Dones et al. 1989, Cooke 1991, Dones et al. 1993). the standard perspective that the ring particle regolith is
However, these uncertainties relate primarily to the exact composed of independent scatterers, or regolith grains,
dependence of S on t and geometrical parameters. The each having its own single scattering albedo Ãl and its
observations (Dones et al. 1993, EC96) support a single own elementary phase function which is characterized by
scattering hypothesis. If multiple scattering were impor- asymmetry parameter g. We will assume ‘‘intimate mixing’’
tant, color differences would be accentuated in optically of constituents; that is, all grains are assumed to be identi-
thicker regions and observed radial variations in color ra- cal, with radius rg , and each to be itself internally well
tios would show a strong correlation with optical depth mixed on a scale smaller than a wavelength. The effective
variations. In fact, the case is quite the opposite with the grain refractive indices (nr , ni) are calculated using the
exception of some narrow regions which are well removed mixing theory of J. C. Maxwell Garnett (see, e.g., Bohren
from the B–C boundary under discussion here (EC96). and Huffman 1983). We have verified that, for the refrac-
Therefore, whatever the form of S, the mere dominance tive indices of the individual constituents used here, where
of single scattering ensures a linear dependence of I/F nr (all materials) ; nra , nri , nre is on the order of unity,
on Al . and ni (ice) P 0 (Warren 1984), a simple volume-weighted

In this paper, we will work primarily with ratios of the mixing model is quite adequate even though ni (initial ab-
observed I/F at different wavelengths and will treat them sorber) ; nia p 1, because the mass fraction absorber faas ratios of ring particle albedo at those wavelengths. Our is so small. That is, ni P fania ! 1 and nr 5 1 1 fa (nra 2
primary modeling effort is in obtaining estimates of ring 1) P 1. For conceptual purposes, we will refer interchange-
particle albedo from wavelength-dependent refractive indi- ably to mass or volume weighted mixing models; volume
ces (Section 3.2). This is equivalent to assuming that all weighting differs only by a weighting factor of the density
other factors describing the scattering properties of the of the solid.
layer as a whole, including the ring particle phase function Given the grain radius rg and a set of refractive indices,
Pl and the optical depth t, are wavelength independent. we use the approach of Hapke (1981) to obtain the albedo
A wavelength-independent optical depth seems quite rea- of an individual regolith grain. This approach has several
sonable; the optical depth of Saturn’s main rings at visual aspects. It assumes the regolith grain to be much larger
wavelengths is dominated by particles that are much larger than the wavelenth; this allows calculation of the grain
than a wavelength and well into the range of geometric albedo using ray optics, while accounting for multiple inter-
optics. The assumption of wavelength-independent phase nal reflections using Fresnel coefficients. For our purposes,
function is less clear cut (see Section 3.3) but probably we use only the following expressions for the albedo of
reasonable away from strong absorption bands. such an homogeneous grain with no additional internal

scattering centers,
3.2. Ring Particle Albedo

Modeling the albedo of a granular regolith is usually
Ãl 5

1
1 1 aDe

(2)
done by analogy with a classical, semi-infinite scattering
medium which is composed of many independent scatter-

(Hapke Eq. (33)), where a 5 4fni/l,ers. Each scatterer, or grain, has its own single-scattering
albedo and phase function. The ring particle regolith is
considered to be an opaque cloudy atmosphere which is De 5

4rg

3
1 2 SE

1 2 SI
(3)

locally plane-parallel. This is accomplished by adjusting a
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(Hapke Eq. (32)), where SE and SI account for external (1991) favors g p 0.3 for grains in the C ring particles,
indicating that they may be different from those on icyand internal reflections and depend on material refractive

indices (Hapke Eq. (22)): satellite surfaces.
Mischchenko (1994) concludes, and we concur, that the

inference of grain asymmetry parameter g from observed
SE 5

(nr 2 1)2 1 n2
i

(nr 1 1)2 1 n2
i

1 0.05 (4) brightness variations is very difficult, due to the difficulty
of inverting the multiple scattering problem. However, the

SI 5 0.6125Ïnr log[(nr 1 1)2 1 n2
i 2 3]. (5) value of g does influence the scattering history of a photon

within the regolith and thus the spectral dependence of
the emergent photons. Therefore, after using Eqs. (2)–(5)The expression for SI is our own fit to Hapke’s Fig. 6 and

is valid for n2
i ! 1. above (from the Hapke model) to calculate grain albedo,

our approach diverges from the traditional Hapke model-We adopt a ‘‘typical’’ regolith grain radius of rg 5 20
em based on fits of the ratio of intensity in local reflectance ing. We have made use of a formalism due to Van de Hulst

(1980) that captures the effects of arbitrary anisotropicmaxima at 3.1 and 3.6 em wavelengths in the water ice
bands by Doyle et al. (1989). A similar result was obtained multiple scattering by regolith grains. This approach inte-

grates the diffuse scattering function immediately overby Pollack et al. (1973) from bands at 1.5 and 2.0 em. This
effective distance between scattering centers characterizes both incident and emission angles to produce the single

scattering albedo that we need. Specifically, our ring parti-whatever real particle size distribution exists in the ring
particle regolith. cle albedo is the function

The grain albedo calculation discussed above makes no
allowance for diffraction, but merely calculates the ratio Al 5 4 E E R(e, e0)ee0dede0 , (6)
of flux emergent from a grain to that incident upon its
physical cross section. Because of the (relatively) close

wherepacking of regolith grains, diffraction is probably irrelevant
and this treatment is not only appropriate but probably
even desirable (Mischenko 1994). The scattering phase

R(e, e0) 5
I(e, e0)

e0 F
(7)function of one of these regolith grains is modeled in an

ad hoc fashion by a Henyey–Greenstein type function with
asymmetry parameter g, where g 5 21 for complete back- is the bidirectional reflectance of some (planar) facet of
scattering, g 5 1 for complete forward scattering, and g 5 the surface of the ring particle. For comparison, R(e, e0) 5
0 for isotropic scattering. Even neglecting diffracted radia- 1 represents a perfect Lambert reflector (Van de Hulst
tion, individual, nonspherical grains which are relatively 1980, Cuzzi 1985). These numerically integrated functions
smooth and have low absorption will favor forward scatter- are referred to as URU (Van de Hulst 1980; Vol. 1, pp.
ing just from externally reflected and internally refracted 37, 55, 68) and are presented in tabular form (Van de
light (Pollack and Cuzzi 1980, Mischchenko 1994). Hulst, Vol. 2, Fig. 11.3, Table 27 as ‘‘flux’’). Van de Hulst

Multiple scattering between grains is a critical aspect has fit these functions using a similarity parameter
of regolith radiative transfer. Hapke (1981) assumes that
multiple scattering within the regolith is completely iso-
tropic and includes the grain phase function only as a first- sl 5 ! 1 2 Ãl

1 2 Ãl g
, (8)

order correction. Using this formulation, it is invariably
found that icy, outer Solar System objects are best fit with

yieldingg # 0. Lumme and Bowell (1981) improve on this some-
what by making use of similarity relations to relate the
actual grain albedo to that of an equivalent isotropic scat- Al 5

(1 2 sl)(1 2 0.139sl)
1 1 1.17sl

. (9)
terer (Irvine 1975); here, less negative or slightly positive
values of g are found. Even using the Hapke version, terres-
trial snowbanks, for which a considerable amount of data This function is fully general for arbitrary grain albedo Ãl

and anisotropy parameter g, and we use it to calculatehas been obtained, are characterized by g 5 0.6 (Verbiscer
et al. 1990). It is not understood why outer planet satellites the ring particle spherical, or Bond, albedo Al given the

(Hapke) grain albedo Ãl (Eq. (2)) which we calculate fordiffer in this way from terrestrial icy surfaces; Verbiscer
et al. (1990) suggest tiny pits due to magnetospheric the effective (Maxwell Garnett) refractive indices (nr , ni).

We treat the grain asymmetry parameter g as a parameter.charged particles. Saturn’s rings, as opposed to satellite
surfaces, are largely free of this effect because the magneto- A similar approach was also used by Doyle et al. (1989),

who actually used Mie theory to calculate the grain albedo,spheric density is zero in the ring region. In fact, Cooke
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thus incorporating diffraction and assuming well-separated Our need is rather simple, because we deal with ratios
of I/F at different wavelengths in and near the visual range,grains, and then used the Van de Hulst scaling relationships

as above. and at only one combination of phase, incidence, and emis-
sion angles. We argue that because the ring particles areThe mass fraction inferred for any absorbing and/or

extrinsic material, from visual wavelength color and al- overwhelmingly macroscopic, and the filters involved are
broad and away from strong absorption features, variationsbedo, is dependent upon whether or not the impurities are

uniformly or nonuniformly mixed within the (presumedly) in ring optical depth and ring particle phase function will
be of lesser importance than in ring particle albedo.icy matrix. Doyle et al. (1989) found that the fractional

mass inferred from a particle mixing model is essentially
3.4. Phase Space of Ring Particle Albedo and Colorthe same as that inferred from an intimate mixing model

as long as the dark particles are smaller than 1 em so in For any pair of Voyager passbands, we define the albedo
radius (a regime inappropriate for Hapke theory). Doyle ratio R as the ratio of the I/F in the two filters at essentially
et al. (1989) found that nonuniform mixing of any kind, the same geometry, as discussed above. That is, from
and on any scale, greatly increases the mass of absorber Eq. (1),
needed to produce a given color and darkness. Specifically,
they found that pure ‘‘absorber’’ particles larger than 10
em quickly violate overall pollution fractions of 1–10% Rl1,l2

5
(I/F)l1

(I/F)l2

Q
Al1

Al2

. (10)
based on microwave observations. In addition, constant
and vigorous hypervelocity meteoroid bombardment and
ballistic transport makes it plausible that all ring material We will make use of a phase space in which a material is

represented by both the ratio R and some average albedohas been thoroughly mixed to very small (micrometer or
submicrometer) grain size scales. Therefore, since particle A. The average albedo could be any weighted combination

of the two spectral albedos; we have chosen to use themixing models require additional uncertain free parame-
ters and, at best, convey no advantage to understanding albedo AC as defined over the clear filter passband, instead

of what might seem the more simple average of the albedosthe observations, all of our conclusions assume that the
materials are intimately mixed, i.e., on size scales compara- in the two filters in question. This was because the clear

filter albedo is simpler to obtain from the observations.ble to or smaller than a typical regolith grain.
We define AC as a linear combination of the albedos we
calculate at our wavelengths of interest; AC 5 cUVAUV 1

3.3. Ring Particle Phase Function
cGAG (Appendix A). The coefficients we use for obtaining
the appropriate clear filter albedo from our model albedosLittle is actually known about phase functions of icy

regolith-covered objects such as the outer planet moons at the effective wavelengths of the G and UV filters, for
each main ring region, are given in Table I. These coeffi-and ring particles. Dones et al. (1993) found that (clear

filter) particle phase functions vary radially along with par- cients depend on the shape of the spectrum; thus they
differ slightly between different ring regions. However,ticle albedo throughout the A ring and suggested that this

might be due to a surface compaction effect. Doyle et al. they are independent of AC ; thus, either future improve-
ments in knowledge of AG,V,UV or direct determination of(1989) observed what appear to be significant variations

in the clear filter phase functions of large B ring particles AC can then be used to easily update our results.
As the effective refractive index of the material variesin and out of ‘‘spokes,’’ suggesting that tiny spoke grains

and regolith grains may exchange roles. In our case, how- with wavelength, the regolith grain albedo changes and
thus the overall ring particle albedo changes, leading toever, the issue is whether large ring particle phase functions

at a given angle in backscatter vary significantly as func- different albedo ratios Rl1l2
. We have found that a helpful

way of representing them is to define, over the wavelengthtions of wavelength, away from spokes.
Although there is evidence for wavelength-dependent range in question, a linearized function for the imaginary

refractive index ni :phase functions of regolith-covered icy bodies at very small
phase angles (Noland et al. 1974), this does not hold true
at larger phase angles (Buratti and Veverka 1984). Buratti ni (l) 5 niUV 2 a(l 2 lUV). (11)
(1988) and Buratti et al. (1990a) discuss the general lack
of significant variation of phase function with wavelength Thus, the intrinsic redness of a material is parametrized by

the coefficient a and its intrinsic absorptivity by the inter-in the visual range for the satellites of Saturn. Similar
conclusions are drawn for Triton and Miranda by Hillier cept niUV . Within the phase space spanned by A and R,

characteristic contours of slope a and intercept niUV appearet al. (1989, 1991). On the other hand, Buratti et al. (1990b)
find that the phase function of Titania is more backscatter- as shown schematically in Fig. 2. In a linear mixing approxi-

mation, where some mass fraction fe of extrinsic materialing in the Voyager UV filter than in the green filter.
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TABLE I

Results Assuming Atmospheric Calibration
cl Coefficients

B ring C ring

cUV 0.137 0.205
cG 0.863 0.796

Albedo and imaginary index of refraction

B ring C ring

l(em) A ni 3 104 A ni 3 104

0.3449 (UV) 0.14 4.36 0.09 7.34
0.4125 (V) 0.25 2.13 0.12 6.35
0.5622 (G) 0.47 0.778 0.18 4.78

Results Assuming Satellite Calibration
cl Coefficients

B ring C ring

cUV 0.133 0.203
cG 0.867 0.797

Albedo and imaginary index of refraction
FIG. 2. Schematic of albedo–color phase space. AC is the Bond or

single scattering albedo of an object in the Voyager Clear filter, and RB ring C ring
is the ratio of its reflectivity at two wavelengths (here, Green and UV).
Each point in this phase space is characterized by some refractive indexl(em) A ni 3 104 A ni 3 104

ni 5 ni,UV 2 a(l 2 lUV). The values of a and ni,UV vary with the grain
radius, rg , and grain scattering asymmetry factor, g. The dotted lines0.3449 (UV) 0.16 3.56 0.10 6.15
represent contours of constant values of a and ni,UV . As the grain refractive0.4125 (V) 0.25 2.18 0.12 6.46
index changes, material ‘‘evolves’’ in this phase space; both the observed0.5622 (G) 0.46 0.807 0.18 4.87
albedo and color of the object change. Three evolutionary paths are
shown: adding neutral absorbing material (a 5 0) does not change the
slope of the composite; thus, evolution is along a curve of constant a if
neutral material is the ‘‘pollutant’’ (curves denoted ‘‘add neutral.’’ Adding
material that is intrinsically ‘‘red’’ (a . 0) or ‘‘blue’’ (a , 0) producewith imaginary index nie has been added to material of
the other trajectories, appropriately labeled, which cross-over contours

initial imaginary index nio , the mixture index ni becomes of constant a.
(using Eq. (11))

Thererefore, adding neutral material (ae 5 0 or nie 5 con-ni 5 (1 2 fe)nio 1 fenie
stant) does not change the intrinsic redness of the mixture

5 (1 2 fe)[nioUV 2 ao(l 2 lUV)] (12) as long as fe ! 1.
As its composition and effective refractive index change,1 fe[nieUV 2 ae(l 2 lUV)]

material follows a certain characteristic path in albedo–
color, or (AC , R) space. The specific ‘‘trajectory’’ of the

and similarly for the quantity (1 2 nr). For the present, surface depends on both the refractive indices of the initial
because the real part of the refractive index nr does not material and those of the added pollutant. The cartoon in
vary dramatically for icy, rocky, and organic materials over Fig. 2 illustrates these trajectories. Each of the curves la-
the visual wavelength range, and because these non-icy beled aj represents material of a different ‘‘intrinsic red-
constituents are very small mass and volume fractions of ness,’’ given by the spectral slope aj of the refractive index.
the total, we take the overall real refractive index to be The curves labeled nij represent contours of the imaginary
that of ice. Note that the spectral slope of the effective index at the Voyager UV wavelength. Addition of neutrally
imaginary index of the mixture is colored (constant imaginary index) material moves a sur-

face along one of the contours of constant intrinsic redness
(slope of imaginary index) so that the surface as a wholeni

l
5 (1 2 fe)

nio

l
1 fe

nie

l
5 (1 2 fe)ao 1 feae . (13)

becomes generally less red as it darkens; addition of intrin-
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sically reddish or bluish material moves the surface across
the contours as indicated. The fact that objects with no
intrinsic redness get slightly redder as they darken (left-
most contour ao 5 0 in Fig. 2) is because the absorption
per unit length is proportional to the imaginary index di-
vided by the wavelength (see a in Eq. (2)). For neutral
material, this results in a slight decrease in grain albedo
and thus large particle albedo as wavelength decreases.
For intrinsically redder material, this small effect is over-
whelmed by the intrinsic decrease of absorptivity with in-
creasing wavelength.

3.4.1. Voyager calibration. As most users of Voyager
photometry know, the standard published camera calibra-
tion factors (Danielson et al. 1981) are no longer valid and
have been replaced by a canonical set developed within
the Voyager project and usually referred to as the John-
son–Buratti factors (see EC96 for a discussion). There is
a remaining unresolved discrepancy in the calibration of
the Voyager UV filter that has the potential to affect our
results. All recent calibrations indicate the cameras are

FIG. 3. Albedo–color ratio (G/UV) plot showing the attributes ofless sensitive than as calibrated by Danielson et al. (1981);
the moons of Saturn (solid circles) and of Jupiter (triangles), as well asour adopted calibration (the so-called atmospheric calibra-
of our two primary points at 1.40rS in the C ring and 1.60rS in the B ring

tion) is the least changed. A disjoint calibration set based (squares). Within the context of the compositional evolution model we
on satellites indicates the most degradation (see, e.g., Bu- present here, both the rings and the icy moons of Saturn are consistent

with addition of differing amounts of fairly neutral, or even slightly bluish,ratti 1984); the widely used Johnson–Buratti calibration is
pollutant, while the moons of Jupiter seem better matched by a redmerely the average of the two. (The (I/F)UV values we
pollutant (presumably from Io). Note, however, that the initial, pre-infer are thus about 10% smaller, and our RG,UV and RV,UV pollution composition of the rings is considerably redder than of the icy

values 10% larger, than if we were to adopt the satellite saturnian satellites. See Table II for specifics.
calibration; thus our ring points would move to the left by
this amount in (A, RV,UV) or (A, RG,UV) space if the satellite
calibration were used. In Section 5.2.1 we show that this For the moons of Saturn, ‘‘visual’’ geometric albedos pvuncertainty has no significant implications for our infer- were converted to Bond albedos using phase integrals for
ences about ring composition. each moon. There is a difference between the ‘‘visual pho-

tometric’’ wavelength and that of the Voyager Clear filter
3.4.2. Observed satellite properties. To test the use- that should be accounted for in future analyses along these

fulness of our color–albedo phase space representation, lines. Various authors have presented normalized colorim-
we determined the coordinates of the satellites of Saturn etry for these moons; we thus obtained G/UV ratios for
and Jupiter on such a phase space plot (Fig. 3), with their Mimas and Enceladus from Buratti (1984), and for Tethys,
initials enclosed by circles and triangles, respectively. Their Dione, Rhea, Iapetus (dark and bright faces), and Hyper-
uncertainty is (very) approximately the size of the symbols. ion from data summarized by Clark et al. (1984). Except
Our B and C ring results are also shown in Fig. 3. The for Iapetus, these are all globally averaged data. Pholus
values shown for the icy satellites are obtained from a (2.2, 0.015; Cruikshank et al. 1996; Wilson et al. 1994) ap-
variety of sources, tabulated in Table II. pears less red than either the B ring or Io on this plot, but

For the moons of Jupiter, actual geometric albedos at would fall on a much redder ‘‘a’’ contour.
the Voyager wavelengths were weighted to obtain effective The icy moons of Saturn lie very close to the particular
Clear filter geometric albedos, and a Bond albedo was contour of constant intrinsic redness a which is the one
obtained using a known phase integral or, for Io, Europa, for initially neutral material (a Q 0). That is, because their
and Amalthea, adopting a nominal value of 0.75. We used initial material is so nearly colorless, one can reconcile the
recent determinations of phase integrals for Ganymede combined variation of color and albedo for these moons
(0.78 6 0.06) and Callisto (0.51 6 0.06) from Buratti (pers. with a single initial composition (neutral in color), with
commun. 1995). The ratio RG,UV is simply formed from different admixtures of a neutral polluter. Buratti (1984)

has previously noted that the darker saturnian satellitesthe ratio of geometric albedos.
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TABLE II than the saturnian moons shown, especially the B ring—
Jupiter Satellites but compatible with adding a mostly neutral-to-slightly

bluish pollutant to ‘‘B ring’’ material in order to obtain
Satellite pUV pG RG,UV qa AC

b Notes
darker, and less red, C ring material. The general theme
of our modeling is that the C ring differs from the B ringAmalthea N/A N/A 1.79 0.75 0.02 c

Io 0.17 0.75 4.49 0.75 0.51 d primarily in having accumulated and retained a larger mass
Europa 0.44 0.68 1.56 0.75 0.49 e fraction of (roughly) neutral material. While the locations
Ganymede 0.30 0.50 1.69 0.78 0.37 f

of both the saturnian moons and rings in (AC , R) space are
Callisto 0.11 0.21 1.90 0.51 0.10 f

consistent with the appropriateness of neutral-to-slightly
bluish extrinsic material as a pollutant for the Saturn sys-Saturn Satellites g

tem in general, the different behavior of the jovian moons
Satellite pv

h RG,UV q i AC
j Notes implies that this consistency is not trivial.

Our approach to defining the values of AC for these
Mimas 0.80 1.08 0.82 0.66 k

points is somewhat more complicated than for the moons.Enceladus 1.00 0.92 0.86 0.86 k

At the inner point, which is in the C ring, we use the resultsTethys 0.80 1.09 0.74 0.59 l

Dione 0.55 1.15 0.80 0.44 l of Cooke (1991, Figs. 5.17–5.20), who modeled Voyager
Rhea 0.65 1.31 0.70 0.46 l C ring photometry over a sufficient range of phase angles
Hyperion 0.30 1.26 0.75 0.23 l

to separate albedo and phase function effects. In the C
Iapetus (D) 0.08 1.52 0.75 0.06 l

ring, the ‘‘classical’’ single-scattering S and T functionsIapetus (B) 0.40 1.13 0.75 0.30 l

assumed by Cooke (1991) are probably good representa-
a Phase integrals q from Buratti (pers. commun. 1995) or assumed 5 tions for the ring scattering function. Cooke obtained a

0.75. small range of (Clear filter) ring particle single scattering
b AC from Eq. (A3). albedos at this location, for several candidate phase func-
c Gradie et al. (1980).

tions. From her Fig. 5.17 we adopt a C ring particle albedod Average of Johnson and Pilcher (1979), leading/trailing McFadden
at this location of AC 5 0.17 6 0.01.et al. (1980); cf. Clark (1980).

e Avg. of leading/trailing from McFadden et al. (1980); cf. Clark (1980). Obtaining a comparable value at the outer range of our
f Avg. of leading/trailing from McFadden et al. (1980); cf. Clark (1980). modeled region, at 96,500 km in the B ring, is more difficult.
g Leading sides 10–40% brighter (Buratti 1984). It is known that scattering functions from a classical, many-
h Visual geometric albedos pv from Cruikshank et al. (1984).

particle-thick layer, are unable to explain the dramatici Phase integrals q from Buratti (pers. commun. 1995) or assumed 5
fluctuations in ring brightness seen throughout the A and0.75.

j AC 5 qpv . B rings (Dones et al. 1989, 1993); thus the approach of
k Color ratios from Buratti (1984). Cooke (1991) may not apply. If the albedo is obtained by
l Color ratios from Clark et al. (1984). simultaneous solution of a wide range of phase and viewing

angles, however, all unknown angular variation from the
combination of particle phase function and layer effects can

are redder. On the other hand, the icy moons of Jupiter are be removed together. We will make and use an estimate of
redder overall than the saturnian moons with comparable the ring particle albedo at our benchmark radius by scaling
albedo, and they are a slightly poorer match to any curve from those obtained in this way from surrounding regions.
of constant intrinsic redness. That is, the curve connecting We solved for the ring particle albedo using one high
them crosses contours of increasing redness as the albedo and one low phase angle measurement of I/F from the
decreases, such as in curves denoted ‘‘add red’’ of Fig. 2. scans in Fig. 3 of Cuzzi et al. (1984). The geometry-depen-
This implies that, if the jovian moons all began with the dent part of the scattering function (Eq. (1)) is approxi-
same initial composition, they have been polluted by intrin- mated by e0/(e 1 e0) to very good accuracy for the optical
sically red material. This is not at all unreasonable; Io, depths and geometry involved, and we used this factor to
which spews colored material into the magnetosphere and derive the product Al Pl from observed reflectivities. We
from there throughout the jovian system, is seen on the then solved for particle albedo and power law single-scat-
extreme red side of our phase space. tering phase functions P(Q) 5 cqQ2q (i.e., for index q) at

several locations in the B ring. For our inner B ring point,3.4.3. Observed ring reflectivity and particle albedo.
Figure 3 also indicates by squares the properties of one we used the I/F in the featureless band at 95,000 km, which

has the lowest optical depth in the region and is more likelylocation in the C ring and at one location in the B ring
(r 5 84,500 and 96,500 km, respectively, or 1.40rS and to be well modeled by the classical scattering function. In

the B ring regions, where other, more accurate albedo1.60rS). To reduce sensitivity to small local variations, we
average our R values over local regions 3000 km wide at values have been obtained (Doyle et al. 1989), our approxi-

mate values were close to but slightly lower than previouslythe nominal positions. Both points are considerably redder
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published values. We obtained a correction factor based is known in these regions as well, k can be determined in
these discrete and widely separated sites (see, e.g., tabula-on the ratio of our albedos to those of Doyle et al. in these
tions in Cuzzi et al. (1984) and Lissauer and Cuzzi (1985)).overlap regions (112,000–116,000 km) and applied it to
Only two such locations are found in our region of interest:scale our derived albedo in the inner B ring. The phase
the Maxwell ringlet and the Janus 2:1 density wave. Afunction power law indices that resulted from this solution
profile of higher radial resolution is needed to see if thetechnique were around 2.4 in the B ring, quite compatible
pollution transport process by itself can account for thewith values determined by Cooke (1991) in the outer C
detailed shape of radial color profiles across the rings.ring and C ring ramp. Doyle et al. (1989) preferred a Cal-

Given that the ring particle size distribution, in mostlisto-like phase function, with q p 3.3 (Dones 1987, Table
regions, is well approximated by a power law N(R)dR 56.1), but their albedos do not change dramatically if they
N0R2sdR, with lower and upper radius limits (R1 , R2), itassume a Europa-like phase function, which is rather closer
is simple to show that (for the common index s 5 3)to q p 2.9 judging from Fig. 6.4 and Table 6.1 in Dones

(1987). Our adopted ring particle albedo at 96,500 km is
0.40 6 0.03; our uncertainty range is bounded at the high

k 5
t

s
5

eR2R1
fR2N(R) dR

eR2R1
FdfrR3N(R) dR

P
3 ln(R2/R1)

4rR2
. (14)end by the range of albedos (0.54–0.58) in Doyle et al.

(1989) and at the low end by both the results of Cooke
(1991; 0.35 6 0.1) and the alternate scaling constants ob-

For slightly different power law slopes in the range 2 ,tained from the results of Dones et al. (1993) in the A ring.
s , 3, slightly different normalization constants appearThis result is thus quite consistent with the albedo we
and the dependence on R1 vanishes. For s . 3, dependence

obtained above, especially since our darkening hypothesis
on the lower cutoff becomes increasingly important. Here,

would indicate that the ramp particle albedo is likely to
we assume s 5 3. Then, with other parameters fixed, and

be somewhat lower than the B ring particle albedo. Clearly,
allowing for a weak dependence on R1 , the opacity depends

improved knowledge of ring photometry is needed. esssentially on the radius of the largest particle R2 .
The data of EC96 at 1.40rS and 1.60rS can now be pre- Showalter and Nicholson (1990) have discovered a tech-

sented in several two-color (AC, R) spaces. For example, nique for determining, essentially, this parameter. Their
the chosen radius in the C ring would appear at one point method makes use of ‘‘noise-like’’ fluctuations in the
in an (AC , RG,V) space and at another point in an (AC , counts observed in short time samples by the Voyager PPS
RUV,V) space. Our results for these two benchmark regions experiment. They present plots of the parameter Q(r),
are presented in Fig. 4, and in the slightly different form
of AUV , AV , and AG in Table I; from these observations,
the corresponding values (ni , a) are directly obtained and Q 5 f S Reff

45 mD2

, (15)
tabulated in Table I.

where the numerical constant applies at the inner edge of
4. POLLUTION TRANSPORT MODEL the B ring, and (for s 5 3)

In this section we describe the model by which we calcu-
late how ‘‘pollution’’ builds up in the rings due to meteor- R2

eff 5
eR2R1

(fR2)2N(R) dR

eR2R1
fR2N(R) dR

5
R2

2

ln(R2/R1)
. (16)

oid bombardment, how it is redistributed by ballistic trans-
port, and how it is manifested in ring particle properties.

Whether the Reff values refer to ‘‘solid’’ particles or only
4.1. Radial Profiles of Ring Optical Depth, Mass Density, transient, opaque clumps is not relevant for our purposes;

and Opacity all that matters is the opacity they represent. Substituting
Eqs. (15) and (16) into Eq. (14), and adopting R1 5 1 cm,The ring optical depth and surface mass density as func-
we findtions of radius are both critical parameters. The optical

depth profile is one we obtained from Voyager imaging
data (e.g., Dones et al. 1993, Cuzzi et al. 1984). It has lower

k(r) 5
3

4rQ1/2 !f ln (104Q1/2)
4 3 107 cm2 . (17)

resolution (roughly 25 km) than the Voyager PPS and
UVIS data, but better signal to noise ratio, especially in
low optical depth regions. We obtained a file of radially binned Q values from M.

Showalter, and from them derived the k(r) values shownThe surface mass density is then determined from the
opacity k(r) 5 t(r)/s(r). The surface mass density of the as squares in Fig. 5. The scatter in k in the outer C ring

may be real; point-by-point inspection of these values indi-rings s(r) has only been measured in several isolated spots,
usually spiral density wave regions. As the optical depth cates a preferential association of low k values with rela-
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FIG. 4. Three albedo–color phase space plots, analogous to Figs. 2 and 3, but created from Clear filter albedos AC and color ratios (a) RG,UV ,
(b) RG,V , and (c) RV,UV . That is to say, while the AC values are the same here as in Fig. 3, the R values refer to ratios of reflectivity in different
filters and thus differ from those plotted in Fig. 3.

tively higher optical depth ‘‘plateaus.’’ This is supported by others from several density waves and ringlets. Due to
uncertainties and assumptions built into the simple formu-somewhat by comparison of Voyager visual and radio

wavelength optical depths obtainable from the PDS rings lation above, it did not match the observed opacities quan-
titatively, so we multiplied the simple expression by a con-node. Also shown in Fig. 5 are the opacity values inferred
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FIG. 5. Estimates of ring opacity k in the inner B–outer C ring region, from results of Showalter and Nicholson, are shown as squares; these
were scaled to match independently known opacity values (shown as triangles; one other known point used is off scale to the right). The baseline
radial profile we used for k is shown as a long dashed line and two ‘‘alternate’’ versions used to explore model sensitivity (Fig. 15) are shown as
short dash-dot and long dash-dot lines. The dotted line shows the observed radial profile of optical depth (from Voyager imaging observations),
and the heavy solid line shows our model optical depth profile. The inner edge of the B ring is the sharp change in optical depth at 92,000 km.

stant factor of 5.5 in order to bring it into accordance with ṡe(r0) 5 2ṡyFG . (18)
the actual measurements of k. For our models, we adopted

We obtain the flux crossing the ring plane at other radiiseveral straight-line k profiles, which bound the range of
using a numerical fit F(r/r0) to the radial dependence ofplausible values (see Fig. 5). Essentially, the C ring k is
the calculated focusing (Durisen et al. 1992):close to 0.05; the B ring value is more uncertain, due to

noise and data gaps in the Q profiles of Showalter and
Nicholson (1990). We feel that it is likely that the inner B F(r/r0) 5 S r

1.8rS
D20.8

. (19)
ring k lies in the range 0.006–0.012; we adopt the average
of these (k 5 0.009) as the baseline profile (Fig. 5). In

Thus the incident flux crossing the ring plane at r isSection 5.3.1 we will show the sensitivity of our results
ṡe(r) 5 2FGF(r/r0)ṡy . The incoming meteoritic materialto different k profiles lying within the reasonable range
that actually hits the rings (as opposed to merely passingof uncertainty.
through) is smaller by an impact probability function A

which depends on the local optical depth and the various4.2. Meteoroid and Ejecta Flux
angular aberrations, averaged over the orbit of the ring

In this subsection we illustrate the important parameters material (Fig. 15 of CD90). We have parametrized this
of the meteoroid bombardment process. In actuality, many function as A 5 (1 2 e2(t/ts)p

)1/p, where the fitting parame-
of these are determined numerically. The fundamental in- ters are ts 5 0.515 and p 5 1.0335. Then, the local impacting
cident projectile flux (one-sided, flat plate flux, unaffected flux is
by gravitational focusing) is ṡy . Gravitational focusing by
the planet, for an asymptotic relative velocity of 14 km/s, ṡ im(r) 5 A ṡe(r0) 5 2ṡy A FGF(r/r0). (20)
is numerically averaged into a factor FG at reference radius
r0 , for use in calculating the gravitationally focused, two- The mass flux ejected for a given impacting mass flux,

say at the reference radius r0 , issided flux ṡe(r0) at r0 in the ring plane, where r0 5 1.8rS :
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The mass fraction fe of extrinsic material at some specificṡej(r0) 5 2ṡy(Y0/104) E
x
E

V
y(r0 , x, V) dx dV

(21) reference point in the B ring as a function of time is

P 2ṡy A (r0)FGY0 .

feB 5 T
ṡBh

sB
5 T

ṡeh fext AB

s B
, (23)

The full ejecta yield function y defined and derived by
CD90 depends on radial distance r and ejecta velocity

where T is the exposure time, ṡB 5 ṡ im(B) is the amount(x 5 vej/vK) as well as angle V (see also Durisen et al.
of incoming mass that actually hits the B ring, fext is the1989, 1992). It incorporates all gravitational focusing and
fraction of this material that is ‘‘absorbing’’ (non-icy), andlayer impact and escape probabilities. The ejecta yield
A is the impact probability at a reference radius and opti-assumes a v2 velocity dependence and is normalized to
cal depth. It is assumed that the materials are always andY0 5 104 at 14 km/s impact velocity (Lange and Ahrens
everywhere uniformly mixed. Recalling that tg P sB/1987). We have numerically validated the final approxima-
(Y0 ABṡe) (Eq. (22)), one obtainstion in Eq. 21, and ascribe it to the order–unity cancellation

of velocity dependence (.1) and ejecta escape probabili-
ties (,1). Thus, for the purpose of illustration, we can feB 5

T
tg

h9

Y0
, (24)

write ṡej(r0) P A (r0)ṡe(r0)Y0 5 Y0 ṡ im(r0), and for com-
pleteness we will ultimately use the fact that the exact value

where h is the efficiency with which extrinsic material re-of ṡej(r0) is larger by a factor of 1.2 than obtained by using
tains its absorptive properties, and we have definedthis illustrative value (and the gross erosion time tg thus

slightly smaller). The CD90 ejecta distribution y which we
h9 5 h fext . (25)use here already allows for all gravitational focusing and

this imperfect absorption; therefore the flux ṡ im(r) and its
factors A FGF(r/r0) appear only in our direct deposition Our evolutionary times T/tg are thus in units of the gross
terms (Eq. (20)). erosion time. Similarly, for the C ring, taking ṡC 5 ṡ im(C),

The gross erosion time tg(r0) is the time in which a refer- we write
ence ring annulus would disappear due to ejected material
if nothing returned (Durisen et al. 1989, 1992):

feC 5 T
ṡCh

sC
5 feB

ṡCsB

ṡBsC
. (26)

tg(r0) ; s(r0)
ṡej(r0)

P
s(r0)

A (r0)ṡe(r0)Y0
. (22) Equation (26) is rewritten as

The first equality above is exact and makes use of the full feC 5 feB
sB ACṡ0 fext

sC ABṡ0 fext
5 feB

tBkC AC

tCkB AB
5

T
tg

h9

zY0
. (27)

numerically determined normalization in our numerical
code, and the subsequent approximation is, as in Eq. (21),

where k 5 t/s is the opacity, and we have defined thefor the purpose of illustration. Normalizing time units to
quantity z astg makes our evolutions independent of the specific value

of the projectile mass flux and comparable to evolutions
of ring structure (Durisen et al. 1992). The age of the

z ; ABtCkB

ACtBkC
P

feB

feC
. (28)

rings in real years does depend on the actual numerically
determined value of ex eV y(r0 , x, V) dx dV to obtain
tg . That is, we actually integrate over the realistic ejecta In general, z retains the definition above, and has the nomi-
distribution (CD90) at a reference radius and optical depth. nal value z 5 0.0814, but feB/feC is not always so easily
In this normalization integral, a factor in y(r0 , x, V) that expressed (Section 4.4.3).
calculates the return probability of an ejectum is changed
to enforce the above definition that no ejecta returns. 4.4. Basic Transport Equations

Our discussion will follow that of Durisen et al. (1989,
4.3. Average B and C Ring Compositional Evolution

1992); some readers might prefer to jump to Section 5
after completing section 4.4.1. The process is illustratedWe first develop an approximate test of the basic hypoth-

esis: that the different ‘‘average’’ color and albedo of the schematically in Fig. 6. For convenience we repeat here the
basic equations of mass and angular momentum transportC ring and inner B ring particles, at least, can be explained

by exposing initially homogeneous, primarily icy, material associated with the ballistic transport (BT) process (Duri-
sen et al. 1989, Eqs. (3)):to meteoritic infall (this test is implemented in Section 5).
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FIG. 6. Schematic of the pollution transport process, as described in the text (Section 4). The various plateaus represent radial distribution of
mass density; shaded regions represent the variable fraction that is non-icy. Outward meteoroid ejecta is indicated, as well as the associated inward
radial drift.

The quantities Gh and Lh are the direct angular momentums

t
1

1
r



r
(srvr) 5 Gm 2 Lm . (29) transport analogs of Gm and Lm , and hc is the specific

angular momentum for circular orbits:

In the above mass conservation equation (29), the change
hc 5 ÏGMSr. (33)in surface mass density s at radius r in the rings is composed

of direct and indirect contributions. The direct component
is the difference between the net mass gain integral Gm at We calculate the gain and loss integrals Gm and Lm using
radius r from all other radii, and the net mass loss integral a subroutine of the full BT code of Durisen et al. (1989),
Lm from radius r to all other radii. The indirect term valid for any radial distribution of optical depth, and any
(1/r)(/r)(srvr) represents the change in s due to the ejecta angular and velocity distribution. The strength of
divergence of the total radial mass flux svr , where vr is the loss and gain integrals depends on the mass flux ṡej

the radial drift velocity vr . The radial drift results from ejected for a given impacting mass flux (Eq. (21) of Section
transport of angular momentum due both to viscosity n 4.2), which takes account of all relevant projectile aberra-
and the ballistic transport process itself, tions and ejecta escape probabilities (CD90). Use of this

subroutine guarantees that all mass transfer budgets are
calculated exactly, including all aspects of cylindrical geom-vr 5 (vr)ball 1 (vr)visc, (30)
etry (see Durisen et al. 1989, Sections IIc and IId). We
adopt the realistic ejecta angular distribution y of CD90,
which results in ejecta that are thrown primarily outward.where
Conservation of angular momentum then induces a radial
drift that is primarily inward. We also adopt a power law
velocity distribution similar to that of Durisen et al. (1989,(vr)ball 5 Ss

dhc

dr D21

[Gh 2 Lh 2 hc(Gm 2 Lm)] (31)
1992). The ejecta velocities were parametrized by x ;
vej/vK , where vK is the local circular orbit speed in the ring
plane, and vej is the grain ejection velocity. The ejectaand
velocity distribution f(x)dx is the fraction of ejecta mass
having speeds in the interval x to x 1 dx. We used up to
20 x-bins evenly spaced in log x for a power law f(x) of(vr)visc 5 2

3
shc



r
(hc sn). (32)

the form f(x) Y x213/4 for 1024 # x , 4 3 1023 (see, e.g.,
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Burns et al. 1984). Finally, we verified our code against the where the total surface mass density s(r) 5 s i(r, t) 1
s e(r, t) does not vary with time. Here, s i(r, t) is meant tomore elaborate and precise Durisen code and ran a variety

of tests to validate the radial and velocity binning used. consist of both water ice and a trace primordial, non-icy,
coloring agent, and se(r, t) consists of extrinsic, absorbing,4.4.1. Tracking different materials. At this point, our
meteoritic material. Then new mass fractions fe(r, t) 5approach diverges from the structural evolution studies of
se(r, t)/s(r) are calculated at the end of the time step.Durisen et al. (1989, 1992). Durisen et al. (1992) found that
Various numerical tests were run to ensure that code reso-constant optical depth regions, and inner edges, can remain
lution was adequate in radius and throw distance.more or less unchanged in overall shape, except for fine-

4.4.2. Inward drift. Even while leaving the mass enve-scale structural details, as a result of ballistic transport
lope unchanged, we need to recall that the reason for thiseven over as long as 700tg . Thus, to conserve computer
is that net outward-thrown mass is replaced by net inward-time, we do not allow the mass density (or optical depth)
drifting mass (Lissauer 1984, Durisen et al. 1989, 1992).profiles to evolve. Instead, our evolution code tracks the
Prior work did not distinguish between the type of materialmass fraction fe(r, t) of extrinsic absorber, and assumes
which is thrown outward and that which drifts back inwardthat the remainder, (1 2 fe(r, t)), is primordial material
(Fig. 6). However, here we must allow for the fact thatwith primarily icy composition.
outward thrown material may be different from that uponThe impacting material is assumed to be retained locally
which it lands or that which replaces it by drifting inward.with efficiency h, and uniformly mixed throughout the local
Therefore, we must further alter the radial distributionmass density s(r); it would eventually be of interest to
fe(r, t) by accounting for its inward drift during each timeexplore alternate assumptions, such as that it departs with
step Dt. To do this we calculate the momentum gain andthe locally generated ejecta. Within the combined parame-
loss integrals Gh and Lh and the corresponding drift velocityter h9 (Eq. (25)), only a constant fraction fext P 0.5 of the
and allow the mass fraction of absorber to adjust asimpinging mass flux is non-icy, and treated as spectrally

absorbing in nature; however, the entire incoming mass
flux is used to generate ejecta and thus contributes indi- f 9e(r, t) 5

fe(r, t)s 1 D( fes)
s 1 Ds

, (36)
rectly to the evolution of the ring composition. The ejecta
flux is assumed to have the same makeup as the local
region, i.e., to be distributed into fractions fe(r, t) and where the divergences D of quantities q 5 s, fes are calcu-
(1 2 fe(r, t)). lated by

We use the subroutine from the full BT code (prior
section) to numerically determine a new set of functions

Dq 5 2
1
r

(rqvr)
r

Dt, (37)Lm,h(r, r9) which give the mass and momentum loss from
r to r9, including cylindrical geometry effects. These func-
tions, Lm,h(r, r9), their radial integrals, Lm(r) 5 er14xr

r24xr Lm,h where vr is obtained from Eqs. (30)–(32). Examples of
(r, r9) dr9, Gm(r) 5 er14xr

r24xr Lm,h(r9, r) dr9, and the correspond- calculations of the evolution of material from one narrow
ing Lh and Gh (the latter four defined by Durisen et al. dark annulus into surrounding regions of constant optical
(1989)) are calculated only once, since they depend only on depth, with and without radial drift, are shown in Fig. 7.
the radial optical depth distribution and the ejecta velocity Consequently, the spreading of compositionally distinct
distribution; none of these functions are allowed to change material does indeed look somewhat like a diffusion pro-
with time. The loss functions Lm,h are then used to track cess in this simple case.
the variable mass fraction fe(r, t) 5 se(r, t)/s(r),

4.4.3. Ballistic transport vs diffusion. Inspection of the
terms in our evolution calculation reveals that h9, nie , Y0 ,
and z appear only in the combined form h9nie/Y0z and inse(r, t)

t
5 fextṡ im(r) 2 fe(r, t)Lm(r)

(34) one, but not all, terms in the calculation of fe . Because our
observations constrain the quantity fenie , the combined

1 Er14xr

r24xr
fe(r9, t)Lm(r9, r) dr9 quantity p ; h9nie/Y0z becomes an important similarity

or shape parameter of the problem (Section 5.3.1). This
similarity of radial model color profiles with the same shapeand
parameter p is not perfect, because p does not appear in
all terms involving fe . Deviation from strict dependence
of the shape parameter also arises due to nonlinear depen-si(r, t)

t
5 (1 2 fext)ṡ im(r) 2 (1 2 fe(r, t))Lm(r)

(35) dence of ring brightness on fenie (Maxwell Garnett vs sim-
ple linear mixing), variation in the magnitude of the direct

1 Er14xr

r24xr
(1 2 fe(r9, t))Lm(r9, r) dr9, deposit and ballistic transport terms as a function of the



COMPOSITIONAL EVOLUTION OF SATURN’S RINGS 17

FIG. 7. Examples of the spread of ‘‘pollutant’’ from an initially narrow annulus into surrounding regions with radial drift off (a) and on (b).
The profiles of fractional mass of non-icy absorber are uniformly spaced in time from 0 to 33tg .

value of nie itself, and coupling between the C and B ring long the simple scaling remains appropriate before dark
C ring material at 1.4 rS is able to communicate significantlyregions, as described below.
with B ring material at 1.6 rS .The simple scaling between the C and the B rings repre-

Although ballistic transport is not a traditional diffusionsented by Eq. (27) of Section 4.3 assumes that the B and
problem, a diffusion approximation can provide useful in-C ring regions in question evolve linearly and indepen-
sights. If ballistic transport were a diffusion problem, thedently in time. That is to say, absorbing material at some
time scale for material to be diffused outward from the Cpoint was directly deposited there, not carried there by
to the B ring would be on the order ofballistic transport. In fact, because mass is transferred pri-

marily outward with orders of magnitude greater flux than
tlim p tD P (rB 2 rC)2/D, (38)that of the impacting projectiles (due to the large yield

factor Y0 p 104–105), the inner B ring begins to receive where the diffusion coefficient D p d 2/tBT , and the time
more pollutant from the C ring as time goes on and the scale tBT p tg(AB/AC). With (rB 2 rC) p 0.06rS , throw
C ring becomes more polluted. In addition, the outer parts distance d 5 4rvej/vK p 1023rS (Durisen et al. 1989), and
of the C ring begin to lose polluting material faster than (AB/AC) p 3, the assumption of independence would be
they gain it, due to net ballistic transport outward, once valid for 103–105 tg . However, the ejecta are strongly for-
the fractional abundance exceeds Y 21

0 . Perhaps most im- ward-directed, so, in spite of the fact that it takes ‘‘two
portantly, inward radial drift carries B ring material into steps out and two steps back’’ (by drift) one must be a
regions which are nominally part of the C ring. These little more careful. Making the more conservative assump-
effects are primarily localized to a region of radial width tion that material is advected rather than diffused,
comparable to the ejecta throw distance d surrounding the
B ring–C ring boundary, and provide its distinctive color tlim p tad p

rB 2 rC

d
(AB/AC)tg . (39)

profile. However, a rough estimate can be made as to how



18 CUZZI AND ESTRADA

FIG. 8. Evolution trajectories of the ratio of the fractional mass of extrinsic material deposited in the B ring over that deposited in the C ring
( feB/feC). The ratio follows the same trajectory (but at different rates) for cases that have the same yield factor Y0 even while they have a range of
other model parameters. The limitations of the approximation made in Eqs. (54) (z 5 constant) are easily seen here. The ratio feB/feC varies from
smaller than, to larger than, our nominal value (z 5 0.0814), but never by more than a few tens of percent for exposure times we find most plausible
(,300tg). Note that there is a qualitative difference in the ratio evolution for the few cases with a yield of Y0 5 104. For this small Yo , the individual
trajectories also vary significantly from case to case, even while their ratio is well defined.

This results in a shorter limiting time p102–103tg . Our ranges more than 30,000 km inward and outward of the
exact boundary where the color and albedo are fairly wellnumerical studies show a less than 50% deviation of the
defined and not strongly variable with radius.C ring darkening from the linear relationship (Eq. (27))

by around 500tg (Fig. 8). On time scales longer than these, 5.1. Inferring Refractive Indices of Different
some of our other simplifying assumptions, such as invari- Ring Material
ant radial structure, start to weaken. When and if we deter-

We determine the optical properties of the materialmine that our simple linear approximation for feB/feC P z
which constitutes our two ring reference points, using theis violated, we obtain feB/feC directly from the numerical
color ratio and albedo observations and the phase spacemodels, and we always use the numerical result for our
model outlined previously in Section 3. For most geologicalfinal inferences about refractive indices and ring ages.
materials, only the imaginary indices ni(l) 5 ni,UV 2
a(l 2 lUV) are of diagnostic importance. We determine5. AVERAGE B AND C RING COMPOSITION
the (ni,UV , a) coordinates of the selected B and C ring
points directly from their coordinates in (AC , R) space forWe first focus on inferring the average composition of

two typical regions straddling the B–C boundary, but suf- a specific choice of grain radius rg and asymmetry parame-
ter g. We utilize the notation niB(l) to represent the currentficiently separated that coupling between them may be

neglected (the approach described in Section 4.3). Recall imaginary index at 1.6rS in the B ring, and niC(l) for that
at 1.4rS in the C ring.from EC96 (see also Fig. 1) that there are extensive radial
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As mentioned in Section 3, and presented in Fig. 4,
nio(l) 5

niB(l) 2 ( feB/feC)niC(l)
1 2 ( feB/feC)

P
niB(l) 2 zniC(l)

1 2 z
, (44)each ring radius has coordinates in each of three two-color

spaces (AC , RG,UV), (AC , RV,UV), and (AC , RG,V). Any two
of these can be used to arrive at a solution for ni(UV, V, where we initially approximate feB/feC by z, defined in Eq.
G), but using the third serves as a check on our methods. (28), and the other approximations of Section 4.3 also
We determine the niB and niC values by direct solution of apply. Limitations on this approximation and its use are
Eqs. (2)–(8), illustrated in Fig. 8 (Section 4.4.3) and Fig. 10 (Section

5.2.1).
Since water ice is non-absorbing at visual wavelengths,

ni(l) 5
3

16f
ol(1 2 g)

s2
l

1 2 s2
l

l

rg
, (40) the characteristic ‘‘slope’’ of the primordial mixture retains

the spectral behavior of the intermixed absorbing material.
That is, nio(l) P fania(l). We then estimate the fractionalwhere ol 5 (1 2 SI)/(1 2 SE). These coefficients are them-
mass abundance of the initial absorber by adopting imagi-selves functions of nr and ni , but for ni ! 1, they are
nary indices nia(l) for likely candidate materials whichdominated by the real refractive index. For uniform mixing,
have a similar spectral slope. In practice, we calculate effec-we will show that only a small mass fraction (p1023) of
tive grain refractive indices nio(l) using Maxwell Garnettnon-icy contaminant material needs to be present; there-
mixing theory as variable amounts fa of the non-icy ab-fore, the effective real refractive index nr remains very
sorber with imaginary index nia(l) are added until theclose to that of water ice and ol is relatively constant,
inferred values of nio(l) are reached.and for the parameters in question, this approach has an

The above solution (Eq. (44)) for the imaginary refrac-accuracy of about 1%. The term sl is the Van de Hulst
tive index of the initial state of the rings also automaticallysimilarity parameter (Eq. (9)):
determines the product of the mass abundance fe and imag-
inary index nie(l) of the extrinsic meteoritic material via

sl Q 4.097 1 4.209Al (41) Eqs. (42) or (43),
2 Ï(4.097 1 4.209Al)2 2 7.194(1 2 Al).

nie(l) 5
1

feB
[niB(l) 2 (1 2 feB)nio(l)]

In the above equation, Al is the Bond albedo at UV, V,
or G wavelength, obtained from the observed clear filter

5
1

feC
[niC(l) 2 (1 2 feC)nio(l)]albedo and the color ratios through Eqs. (10) and (A2).

Values of ni(l) for any set of Al can now be found using
Eqs. (40) and (41) (see Table I). Equivalently, appropriate

or, anticipating that feB , feC , 1,values of (nil , a) for each wavelength range can be taken
from plots of (AC , R) such as Fig. 4.

feBnie(l) P niB(l) 2 nio(l); (45)At this point, no assumptions have been made about
the makeup of the candidate material. The optical constants feCnie(l) P niC(l) 2 nio(l),
extracted from this procedure are those of a uniform local
mix of water ice, initial intrinsic non-icy absorber, and ex- where feB ! 1 but feC approaches unity more closely.
trinsic meteoritic material, and are associated with the pres-
ent compositional state of the rings in two locations. Relying 5.2. Plausible Intrinsic and Extrinsic Materials
on the linear volume mixing approximation, the present-

In this section we discuss possible candidates for theday optical constants niB(l) and niC(l) can be formulated as
initial absorber and extrinsic material, and thereby con-
strain their relative abundances. Within the pollution hy-

niB(l) 5 (1 2 feB)nio(l) 1 feBnie(l) (42) pothesis, no single non-icy material can explain the fact
that the darker and more polluted C ring is less red than

and the very red neighboring B ring (Figs. 1, 3, 4). There is
more mass in the B ring, so it retains its primordial compo-

niC(l) 5 (1 2 feC)nio(l) 1 feCnie(l). (43) sition better while the C ring tends to darken and change
color more quickly. Suppose the rings began as pure water
ice. If the bombarding material is primarily neutral in color,Here, feB and feC are the same expressions as (30) and

(33) and represent the present fractional mass of extrinsic the C ring is easily understood, but the B ring color cannot
be produced. Conversely, spectrally red pollutants couldmaterial in the B and C rings. The ‘‘primordial’’ ring imagi-

nary index nio (recall Section 3.4) is obtained from Eqs. color the B ring to its present state, but the C ring would
end up considerably more red than the B ring, rather than(42) and (43):
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FIG. 9. Plots of our results for the imaginary refractive indices at Voyager UV, V, and G filters. The values at the present epoch (top two plots)
are niB (in the B ring) and niC (in the C ring) which are determined directly from data presented in, for instance, Fig. 4. We use the methods of
Section 5.1 to then infer nio and feBnie (bottom two plots), which refer to the ‘‘primordial,’’ or pre-pollution, and the ‘‘extrinsic,’’ or polluting,
material respectively. The effects of two different Voyager calibrations are shown (solid lines, atmospheric; dotted, satellite). The present-day B
ring value (niB) is not much changed from the pre-exposure value (nio) because of the B ring’s large mass to area ratio. All plots have the same
relative range (1.5 orders of magnitude), and all assume rg 5 20 em and g 5 0.3.

less red as observed. We must therefore consider two sepa- mined using both Voyager calibrations (see also Section
3.4.1 for more details). The change in the slope of nio duerate non-icy materials: one primordial, intrinsic red mate-
to calibration uncertainty is relatively small and is evidentrial which was uniformly distributed in the rings, as well
particularly between the UV and V wavelengths since theas a highly absorbing, fairly neutral, extrinsic material. We
primary calibration difference is for the UV filter.show how the manner of mixing impacts the abundance

The slope of nio is also affected directly by the value ofinferred and consider specific examples of each type of ma-
feB/feC P z (Eqs. (28) and (44)); this is illustrated in Fig. 10.terial.
A smaller feB/feC (caused by a larger mass ratio difference

5.2.1. Sensitivity of refractive indices to uncertainties. between the B and the C rings) would have the effect of
Using the approach described above and in Section 5.1, slightly increasing the magnitude of nio while any change
we have determined the values of imaginary refractive in the spectral slope is quite small. However, an increase
index currently in the B ring and C ring (niB , niC) and in feB/feC (related to a smaller mass difference between the
then, using Eqs. (44) and (45) of our pollution model, the B and the C rings) can dramatically change the slope of
‘‘primordial’’ imaginary index nio and the products feCnie nio , forcing it to steepen dramatically at the longer wave-

lengths. In fact, within the perspective of our hypothesis,and feBnie . Figure 9 shows values of nio and feBnie as deter-
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FIG. 10. Plot of nio(l) assuming different values of the ratio feB/feC . This ratio varies with ring optical depth and mass density (expressed by
the parameter z) and, to a slight extent, with the length of exposure (Fig. 8). This figure demonstrates that values of feB/feC exceeding 0.16 imply
nio(l) values unlike any known material, and values of feB/feC exceeding 0.165 or so imply nonphysical values of nio(G). Based on our current
knowledge of the rings, plausible values of feB/feC lie in the range 0.06 to 0.11, with nominal value 0.082, and thus the form of nio(l) is not especially
sensitive to the precise value.

a limit on feB/feC P 0.160 is imposed where nio(G) R 0. with grain radius. Since ni and the fractional amount of
impurities appear as a combined factor, the parametersFortunately, such a large feB/feC seems unlikely even given

our limited knowledge of the properties of the rings. Cur- g and rg influence the amount of non-icy material inferred.
A 20-em typical grain is moderately forward scatteringrent values place the range of z, which provides a good

approximation to feB/feC , between 0.06 and 0.1 (see Section and provides mass estimates consistent with other esti-
mates of the amount of impurities present. Even a choice4.1 for more details). The conclusion is that there is no

plausible model parameter that can force the slope of nio of g 5 0 would steepen the values and/or the slope by
less than a factor of two, comparable to the effect ofto deviate very far from the nominal case. This is a powerful

result since the allowable choices for an initial non-icy the uncertainty in z.
constituent are then rather well constrained. However, re-

5.2.2. Likely intrinsic materials. We relate the averagecall that the B and C ring particle albedos each have a
‘‘pre-exposure’’ refractive index nio to the refractive indexsignificant error bar; this translates to an uncertainty of
and mass fraction of a uniformly distributed candidate non-about 30% in nio and nia .
icy constituent using our Maxwell–Garnett scheme, butOther parameters that can affect the inferred fractional
express the relationship schematically using the linear massmass abundance of any non-icy constituent are the as-
mixing approximation (assuming ni(ice) 5 0 and nia ! 1):sumed grain size rg and the asymmetry parameter g (see

Section 3.2). The effects of these parameters on inference
of ni follow directly from Eq. (40); the derived ni scales
linearly with the asymmetry parameter and inversely nio(l) P fania(l). (46)
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FIG. 11. Plots of our determinations of nio (points, heavy solid line) compared with the quantity fania for three candidate intrinsic materials:
two silicates (olivine, dotted line; basalt, dashed line) and one organic material (Titan tholin, light solid line). The value of fa is chosen to provide
the best overall fit of fania to nio . Maxwell–Garnett theory was used with refractive indices from Khare et al. (1984; Tholin) and Pollack et al. (1973;
silicates). The modeled points vary slightly with model parameters, but are fairly well constrained (these assume the atmospheric calibration). The
Titan tholin provides the best match in spectral shape and mass fraction requires (see Section 5.2.2); in addition to their poor shape fit, silicates
also require unacceptably large fractional masses.

A reliable candidate must match the slope between both hydrated ferric volcanic soil such as palagonite (Clark
G–V and V–UV rather than merely the overall slope be- et al. 1990), which has a steep spectral slope, has com-
tween G–UV. For each pure candidate material with spec- parable imaginary indices to the other silicates, and
tral shape matching that observed for the mixture, we use would require a comparably large mass fraction. Varying
a dilute mixing model such as Eq. (46) to obtain the appro- the Voyager filter calibration has a very small effect
priate mass fraction fa . We will also employ this approach compared to the large discrepancies between the observed
to the extrinsic non-icy constituent. spectral slope and that produced by these candidate sili-

cates.Silicates. Silicate materials are cosmogonically preva-
Not only are these mass fractions far too large to belent and have been mentioned several times in the past

compatible with microwave observations, but such largeas likely companions to the predominant ice (Section
mass fractions would seem to lead inescapably to a promi-1). However, primitive anhydrous silicates such as olivine
nent silicate spectral feature at approximately 0.9–1.1 emexhibit the wrong spectral shape—too steep between
wavelength–which is absent (we have verified this with ourUV and V and too flat between V and G—to be compati-
own model calculations). It is possible that the data ofble with the observed color for either the satellite or
Clark (1980) and Karkoschka (1994) imply a tiny spectralthe atmospheric calibration case (Fig. 11). In addition,
feature at 1 em and an even weaker feature at 0.85 em,the low ni for olivine requires a fairly large mass fraction
possibly indicative of a much smaller amount of silicatesfa of initial absorber (30%). For basalt, a different silicate,
than can account for the very red slope in visual wave-we find that the spectral slope is too small, and as with

olivine, a large mass fraction is required (Fig. 11). A lengths.
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Organic solids. A candidate that matches the slope of red, but this is not always so, especially in our wavelength
range. Chiron, for example, is quite neutral, or even slightlynio(l) in a satisfactory way is that of the organic solid called

Titan tholin (Khare et al. 1984). Tholins are organic solids bluish, in color (Fig. 13). Several past workers have mea-
sured the reflectance of Halley dust over a considerableproduced by the irradiation of a wide variety of cosmically

abundant reducing gases (Sagan and Khare, 1979). The wavelength range. At visual wavelengths, the data are not
plentiful, but reflectance measurements indicate an overalloptical constants we utilize for Titan tholin were deter-

mined from measurements of dark, red material synthe- trend consistent with a neutral color which tends some-
times to reddish (groundbased data from Tholen et al.sized by exposure of a simulated Titan atmosphere, to a

high-frequency electrical discharge over a 4-month period (1986)) and sometimes even to bluish at Voyager wave-
lengths (spacecraft data such as in Fig. 6 of Krasnopolsky(Sagan and Khare 1981, 1982, Sagan et al. 1984). Estimated

errors in the real and imaginary refractive indices are et al. (1987)). Inferences of refractive indices from polariza-
tion are in good agreement with the shape of our resultsthought to be 60.05 in nr and 630% in ni (Khare et al.
(Fig. 12; Mukai et al. 1986); however, polarization effects1984, Pollack et al. 1994).
are difficult to model for nonspherical particles. AbsoluteIn Fig. 11, our determination of nio(l) is compared with
reflectance spectra of powdered samples of natural graph-refractive indices of a particular mixture of water ice and
ite and synthetic ‘‘amorphous carbon’’ both decreaseTitan tholin calculated using the Maxwell Garnett mixing
monotonically from UV to G, but both exhibit a minimumscheme. The spectral slope of Titan tholin provides a fairly
between 0.4 and 0.5 em; thus the existence of a relativegood match to our nio(l) values, given the uncertainties.
maximum in ni at V, such as hinted at in our results (Fig.The absolute values of nia(l) for Titan tholin are so large
12), is plausible (Cloutis et al. 1994). Spectrophotometry(nia p 1021) that only small fractional masses of this mate-
of Comet Schwassmann–Wachmann also show a local min-rial are needed to color the rings by the amount required,
imum in reflectance is observed between 0.4 and 0.5 emthus remaining in good agreement with low absorption
(see Fig. 2 of Cochran et al. (1982)). Overall, the imaginarycoefficients inferred from microwave data. By contrast,
indices of these mostly neutral colored carbonaceous mate-recall that tens of percent of silicates was needed to accom-
rials are quite large (0.08–0.3) so they are needed in onlyplish this. We merely take this as evidence that one particu-
very small amounts to match our inferred product fenie .lar organic material, produced under primitive conditions,
Exact values are tabulated in Table III, but approximateis an acceptable candidate. In other work, Wilson et al.
values feB p 1023 can be obtained simply by dividing plotted(1994) and Cruikshank et al. (1996) have used Titan tholin
values of feBnie in Fig. 9 by any typical value of nie in Fig. 12.refractive indices to obtain a good match to the reflectivity

and phase function of the primitive object Pholus. Not 5.2.4. Implications for the origin of the rings. Lebofsky
all organic materials provide an acceptable fit to nio(l): et al. (1970) originally pointed out the similarity between
Carbon-rich organic solids such as poly-HCN (Matthews the reddish color of the rings and that of Io and even

suggested that altered ices might provide a more acceptable1992), types I and II kerogen, and Murchison type II car-
fit than silicates. The intrinsic composition of the rings webonaceous chondrite (Khare et al. 1990) do not exhibit a
infer here (water ice and red organic material) implies thatsteep enough spectral slope in the visible wavelength range.
the ring material is more similar in genesis to primitiveWe discuss these issues further in Section 5.4.
Kuiper and Oort region objects, which formed within the

5.2.3. Likely extrinsic materials. We follow the same protoplanetary (circumsolar) nebula, than to the regular
procedure as for the intrinsic material, seeking plausible satellites, which probably formed in the circumplanetary
extrinsic materials with spectral shapes that fit the wave- nebula (recall Fig. 3). Pluto and Triton are also reddish
length dependence of fenie and use their nie values to infer icy objects that are believed to have formed in heliocentric
the corresponding fe . The points in Fig. 12 show feCnie(l) isolation in the outer Solar System. From the standpoint
based upon our solution for nio(l) for the atmospheric and of the origin of the rings, this would tend to favor the older
satellite calibration cases. The change in slope of feCnie(l) Roche concept of tidal breakup of a heliocentric passer-
associated with the alternate Voyager calibrations is small by (see Dones 1991) over the impact disruption of a circum-
(Fig. 9); both calibrations result in a relatively neutral ex- saturnian inner Mimas (see discussions in Harris (1984)
trinsic pollutant over the visible wavelength range with, and Cuzzi (1995)). Extending this line of speculation a
perhaps, a weak relative maximum nie in the V wavelength little further, one would expect that the ring parent would
for both cases. Also shown for comparison are values of need to be large enough to differentiate an icy–organic
ni(l) for various forms of carbon and Halley dust. mantle from residual silicate material. Questions immedi-

Carbonaceous materials. Possible candidates for an ex- ately arising, and worthy of further study, include the effi-
trinsic material with the refractive index we have derived ciency of retaining in circumplanetary bound orbits any
can be found among known astronomical and laboratory mantle stripped from a tidally disrupted heliocentric body

(which primarily continues on its way; Dones 1991).primitive materials. It is widely believed that comets are
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FIG. 12. Plots of our determinations of nie , assuming the solution for nio shown in Fig. 11, are shown by the points. One set of typical intermediate
values for 300tg are connected by a line. Other sets show similar spectral shapes but have magnitudes that vary over a factor of three or so in either
direction depending on specific parameters (see Table III). Two sets rely on laboratory soots produced by Bussoletti et al. (1987); the set labeled
AC1 (Roulean and Martin 1991) represents carbon burned in air and looks similar in shape to values for pure graphite (Asbury Mirco 260 graphite
pellet; T. Roush, pers. commun. 1995). These are comparable in magnitude to, but appear to have a slightly different shape, ‘‘amorphous carbon’’
(a reanalysis by Preibisch et al. (1993) of the benzene burning or BE data of Bussoletti et al. (1987)). Comet Halley dust values are from Mukai
et al. (1987).

The neutral color of the extrinsic material requires some evolved, neutral, carbon-dominated material even if they
originated from the surfaces of more reddish cometarythought. Even though there are good astronomical proto-

types for such material (Halley, Chiron), they are not the objects. Alternately or additionally, the impact process
itself could play a selective role in preserving preferentiallynorm (see, e.g., Fig. 13); most primitive objects by number

have a reddish spectral shape at visual wavelengths. We the more carbon-rich, hydrogen-poor, material over the
more primitive material.believe that this puzzle can be explained by allowing for

the effects of processing of the small grains that dominate
the pollutants. It has long been known that processing 6. RADIAL PROFILES AND RING AGE
of organics by a variety of energy sources (UV, charged
particles, etc.) causes spectral changes from white to red Results presented in Section 5.2, using only two repre-

sentative radii in the C and B rings, demonstrate that theto black (e.g., Thompson et al. 1987). Recently, Cruikshank
et al. (1996) discuss how energetic processing and the asso- fairly different typical colors and albedos of the C and B

ring particles may be simultaneously understood in theciated decrease of the H/C ratio cause more primitive,
hydrogen-rich reddish organics to evolve into more pro- context of a meteoroid bombardment model, assuming

one initial reddish constituent and one compositionallycessed, carbon-rich, black ones. The submillimeter grains
that dominate ring pollution would be extremely suscepti- different (neutrally colored) extrinsic constituent. From

our solutions for the combined parameters feCnie and feBnie ,ble to evolution of this type, so the small interplanetary
projectiles impracting the rings could well be highly we can adopt target values of feC and feB based on a plausi-
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FIG. 13. Normalized spectral reflectance of a variety of outer Solar System objects (from Luu and Jewitt 1996).

ble range of nie for carbonaceous, highly absorbing material of these factors are poorly known. Fortunately, we do
have other data and a theory which can be used to betterthat matches the spectral shape of feBnie (see, e.g., Fig. 12).

The given fenie implies a certain exposure time in units of constrain these uncertain parameters. The data are the
shape of the radial variation of color near the abrupt B–Ctg for any given h9nie/zY0 (Eqs. (24), (27)); however, several

TABLE III
Model Parameters

Case h9 nie Yo tg p(3106) feC(3103) feB(3104) Line type

1 0.67 0.0643 105 90 5.296 5.020 4.507 Dotted
2 0.134 0.3215 105 90 5.296 1.004 0.901 Long dash
3 0.0479 0.09 104 91 5.296 3.480 3.004 Short dash
4 0.0134 0.3215 104 93 5.296 0.995 0.860 Dot-short dash
5 0.067 0.0643 104 96 5.296 5.098 4.416 Solid
6 0.044 0.325 105 275 1.757 1.000 0.935 Long dash
7 0.143 0.01 104 303 1.757 3.269 3.201 Short dash
8 0.022 0.065 104 319 1.757 5.107 5.012 Solid
9 0.11 0.13 105 341 1.757 2.459 2.444 Dotted

10 0.15 0.302 106 947 0.5569 1.092 1.125 Dot-long dash
11 0.1 0.04532 105 957 0.5569 7.096 7.520 Short dash
12 0.05 0.09064 105 978 0.5569 3.612 3.843 Dotted
13 0.22 0.198 106 1001 0.5574 1.679 1.744 Long dash
14 0.022 0.206 105 1530 0.5569 1.618 1.729 Dot-short dash
15 0.0022 0.295 104 1001 0.7975 1.168 1.582 Solid
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boundary, and the theory is our radial transport model exposure is most likely to be in the range of perhaps 200–
500tg ; certainly the 100tg profile appears too abrupt and the(Section 4.4). Below we describe how this modeling allows

us to infer the exposure age in units of the gross erosion 1000tg profile appears too blurred. Changing the opacity
within the dense inner B ring is unlikely to change thesetime tg .
conclusions dramatically, and the most likely changes, as
shown, would imply shorter exposure ages, not longer ones.

6.1. Radial Shape Modeling
Our preferred result of 300tg is shorter than the inference
of Durisen et al. (1992) of 500–700tg based on ‘‘ramp’’The final level of detail we present here can be thought

of as modeling a diffusion profile with boundary conditions structural evolution, but given the completely different
data, the different models, and the various uncertainties,fixed at the values given by our two-point solutions (Sec-

tion 4.4.3). Even if the values of fe are fixed at the end we regard it as solid support for the hypothesis that meteor-
oid bombardment and ballistic transport is responsible forpoints, different model parameters lead to different de-

grees of internal mixing. For example, if the retention both structural and color variations across this key
boundary.efficiency h9 is high, the required pollutant fractions will

be reached after only a short exposure accompanied by In Fig. 16 we compare the model predictions obtained
using our two-point nio and nie values (Figs. 9, 11, 12) withlittle radial mixing by ballistic transport; if h9 is small, a

longer exposure is required to darken the rings, leading radial ratios of observed color profile (e.g., Fig. 1). The
model radial color ratios do an acceptable job of matchingto a larger degree of ballistic transport and a more blurred

edge profile. the data in all three Voyager ratio profiles. The anomalous
color properties of several of the plateaus in the outer CWe have run the model for various values of exposure

(in units of tg) within the allowable range. We use the full ring are plausibly ascribed to unmodeled opacity variations
in these regions (Fig. 5).radial profiles of fe at each of these exposure times, with

their associated solutions for nie(l) and nio(l) that match
6.2. Inference of Actual Ring Ages

the color and albedo properties of our end points at 1.4
and 1.6rS , to calculate radial profiles of Rl1,l2

for compari- Converting an exposure age of, say, 300tg to years re-
quires some understanding of the ejecta yield Y0 and theson with the radial ratio profiles of EC96 (Fig. 1). As

expected from the mathematics of the model (Section extrinsic mass flux ṡy (e.g., Eq. (21) of Section 4.2).
4.4.3), we have found that the curves form loose families in 6.2.1. Nominal extrinsic mass flux and uncertainty. We
the combined parameter p 5 (h9nie/zY0). Figure 14 shows first review the status of understanding of mass flux and
model profiles for various choices of h9, nie , z, and Y0 in correct one error in and some minor issues regarding
plausible ranges that are found to combine in sets with the CD90. Pioneer 10 and 11 observations (Humes 1980) mea-
same p; each family p has a typical characteristic value of sured the cumulative meteoroid number flux from Earth
T P 100, 300, and 1000tg ; profiles for 30tg are, predictably, to Saturn. The main conclusions of this work were (a) the
steeper than those for 100tg and thus not shown. There is distribution of orbital elements of the mass-dominant flux
some scatter in the precise values of the parameter p within near 5 AU is most consistent with high inclination, high
each family, but much less than the order-of-magnitude eccentricity material (‘‘Oort cloud’’ orbital distribution),
range of the individual parameters that constitute p (see and (b) the spatial volume density of debris remains nearly
Table III). To a good approximation, the shape of the constant from 20 to 10 AU. These conclusions refer to
radial profiles simultaneously constrains the combined pa- particles larger than the threshold for detection of 1029

rameter p 5 h9nie/zY0 and the associated exposure age in (Pioneer 10) or 1028 (Pioneer 11) grams (roughly 6 and
units of tg . Extensions of recent work (Brinton and Bada 13 em radius, respectively, assuming unit density). The
1996) might eventually place some constraints on h9. Pioneer 10 and 11 data, for two different threshold masses,

The similarity of the profiles for given (p, tg) is best in have rather similar shapes and thus do not indicate strong
the outer C ring and displays a larger amount of shape variation of the particle size distribution with orbital radius.
variation in the dense inner B ring. However, uncertainties Projectile mass flux is the product of projectile mass
in the opacity k of this region preclude us placing too much density and relative velocity; the latter varies with heliocen-
confidence on the details of the profile shape very near to tric distance. The lower projectile flux observed by Pioneer
1.53rS ; Fig. 15 shows the effect of varying the radial opacity at Saturn, relative to that observed at Earth, can be under-
dependence from our nominal set to an only slightly differ- stood simply in terms of all relative velocities being lower
ent profile. Overall the most confidence is attached to the by a factor of Ï10 (presuming the same orbital distribu-
general shape in the 1.45–1.51rs radial range. Furthermore, tion). There is no clear reason for expecting the projectile
we ignore color fluctuations associated with the outer C orbital distribution to change between Earth and Saturn;
ring plateaus, due to unmodeled opacity fluctuations within Fechtig (1984) argues against any significant contribution

from the asteroid belt even within the asteroid belt.these features (Section 4.1). Thus, it seems that the ring
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FIG. 14. Figure comparing model families (see Table III for parameter values and line types). The most gradual set is for approximately 1000tg

and the most abrupt set is for approximately 100tg . The essence of the data (heavy solid line) is best matched by the set for 300tg . Distinguishing
between curves within a family is less important than realizing the similarity within a family.

Ip (1984) adopted the mass fluxes and particle size distri- prior value of ṡy 5 4.5 3 10217 g cm22 s21 was obtained
as a straight integral over the 1-AU interplanetary fluxbutions of Fechtig et al. (1981) at Earth: 7 3 10217 g cm22

s21, and scaled it down by a factor between 3 and 18 to models of Grün et al. (1985, Eq. (A3)) and Ip (1984; Eqs.
(1)–(3)). While CD90 recognized and stressed the differ-that at Saturn based on the radial variation of the flux

measured by Pioneer 10 and 11 to obtain ṡy 5 4 3 10218– ence between flux and space density (Section 1), they incor-
rectly adopted the Grün et al. (1985) flux at Earth for that2.5 3 10217 g cm22 s21 (allowing for FG 5 4). Grün et al.

(1985) presented a subsequent analysis (at 1 AU) which at Saturn. Instead, either the fluxes at 1 AU should be
decreased according to the Pioneeer data, as done by Iprefined that of Fechtig et al. (1981) but did not change the

total mass flux significantly. Grün et al. (1985) did not (1984), or equivalently, a constant space density should be
combined with a lower relative velocity, as done by Mosespublish an integrated mass flux, but instead an integrated

mass density of 9.6 3 10228 g cm23—consistent with their (1992). We present corrected mass and number flux profiles
from CD90, and include Pioneer and Ulysses data, in Fig.assumption of a mean relative velocity of 20 km s21 near

Earth. The ‘‘interplanetary size distribution’’ of Fechtig 17. To within plausible uncertainties, the Pioneer 10/11
fluxes are in excellent agreement with the Grün et al. (1985)(1984) and Grün et al. (1985) has a mass peak at a larger

size (roughly 100 em radius) than detectable by Pioneer fluxes; yet, as discussed above, simple expectations would
be that they should be smaller due to the observed falloff10 and 11. Love and Brownlee (1995) used LDEF data to

infer a new mass distribution at Earth and obtained a mass with distance (Humes 1980). An explanation might be sim-
ply that the Grün et al. (1985) fluxes at Earth are too lowflux about 2–3 times larger than that given by Grün et al.

(1985). The difference is largely due to improved measure- by a factor of 3 or so (Love and Brownlee 1995). The
fluxes at Earth probably contain a significant fraction ofments near the 100-em radius mass peak (S. Love, pers.

commun. 1997). ‘‘cometary’’ material (perhaps more than 20% according
to D. Brownlee, pers. commun. 1997); this implies thatWe have reanalyzed our own earlier work (CD90). Our
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FIG. 15. Model calculations for 300tg for the nominal (dashed curve) and two alternate radial profiles of k (same legend as in Fig. 5). The short
dash-dot profile, which provides a larger k, or smaller mass-to-area ratio, extending further outward into the B ring, produces a more rounded
profile of color ratio—that is, ‘‘C ring like’’ properties extend further into the B ring. The alternate profiles shown here are about as extreme as
we feel could be made compatible with the data (see Fig. 5).

the interplanetary flux at Earth might be more than 50% at sizes which are smaller than the plausible peak of the
size distribution, the actual mass flux at Saturn has never‘‘cometary.’’ Thus, the gravitational focusing factor applied

by Grün et al. (1985) to infer interplanetary values from actually been observed and will probably not be known
until the successful completion of the Cassini mission.observed near-Earth fluxes might have been too large, and

thus the actual interplanetary flux might be larger yet. A highly conservative approach might be to adopt a
mass flux which assumes the size distribution cuts off atThese combined factors could explain why the Pioneer

10/11 fluxes seem about as large as the Grün et al. (1985) the Pioneer 11 mass threshold (6 3 1029 g) rather than
continuing on to about 1025 g as indicated in the 1-AU‘‘1-AU’’ fluxes shown in Fig. 17.

Subsequent work has included a considerable amount size distributions. This would imply ṡy 5 5 3 10219 g cm22

s21. However, this is no more likely than persistence of theof data from Ulysses and Galileo (Grün et al. 1993, 1995).
These data, also shown in Fig. 17, refer to far smaller 1-AU size distribution. In fact, Love and Brownlee (1995)

note that the knee in the 1-AU distribution might ariseparticles, with far smaller mass flux than represented by
the Pioneer 10/11 population, and in fact are thought to only because larger particles cannot reach the Earth by

Poynting–Robertson drag within their collisional destruc-have detected primarily grains of interstellar origin stream-
ing in from the Sun’s velocity apex. Preliminary results at tion time, even from the asteroid belt. Consequently, if

any change is to be expected in the size distribution goinglarger particle sizes (E. Grün, D. Hamilton, pers. commun.
1996) indicate a flux of material that is lower than, but from 1 to 10 AU it might be a larger upper size cutoff and

thus a larger ṡy .compatible with, the Humes (1980) number fluxes; the
Galileo experiment has only a few detections, so calibra- In summary, in spite of a mistaken assertion, the nominal

value of ṡy 5 4.5 3 10217 g cm22 s21 adopted by CD90tion and statistics of small numbers are issues that need
to be studied more closely. Overall, because the data are and in several papers by Durisen and coworkers remains
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FIG. 16. Radial profiles of Voyager G/UV, V/UV, and G/V ratios, compared with models incorporating the refractive indices of Fig. 9 at 300tg .
This figure illustrates how all three full radial profiles of color ratio can be simultaneously matched with our final solutions for nio(l) and nie(l).

plausible; however, it probably has an uncertainty of a Croft 1982, Durisen et al. 1992, Stern 1986). These values
are scaled from experiments at lower impact velocities,factor of 3 or so either way based on the (2s) error bars
and refer to impact into solid icy by macroscopic projec-in Humes (1980), differences between recent Galileo and
tiles. Some lab studies suggest that the yield is smallerUlysses measurements, differences between Grün et al.
for porous targets (Love et al. 1993). However, the ring(1985) and Love and Brownlee (1995), uncertainty in the
bombardment problem is rather more complex than theupper mass cutoff, and various calibration uncertainties
lab experiments thus far, unfortunately. The dominant pro-(Grün, pers. commun. 1996).
jectile is thought to be in the 10- to 100-em radius rangeFinal details of the flux modeling are discussed in Appen-
(Fig. 17); this is not much different in size from a typicaldix B.
regolith grain on a ring particle. Thus, the entire impact-

6.2.2. Nominal ejecta yield and uncertainties. The mass ejecta configuration might not be adequately represented
ejecta yield for primarily silicate material bombarding ice by lab impacts of macroscopic projectiles into smooth, ho-
has typically been taken to be Y0 P 104–105; substitution mogeneous, half-spaces. Recent numerical calculations by
into the results of Lange and Ahrens (1987) implies Y0 5 E. Asphaug (pers. commun. 1996) imply that a somewhat

larger yield might characterize this situation. Larger yields3 3 104 at 14 km/s, which is the value we adopt (see also
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FIG. 17. Meteoroid number and mass flux as a function of particle radius, revised from figure 1 of CD90. Dotted histogram, values presented
in CD90; solid histogram, new values corrected for coarse binning and one numerical error. Both profiles are supposedly representative of interplanetary
fluxes at 1 AU; Love and Brownlee (1995) find fluxes larger by 2–3 times. Squares: Pioneer 10 and 11 fluxes, for particles larger than thresholds
for detection where points are plotted (threshold mass is density dependent; Humes 1980). Triangle: Ulysses fluxes for unit density particles of mass
8 3 10213 g (Grün et al. 1993).

mean smaller tg , of course. It is also possible that ejecta much less than the age of the Solar System. However,
given the uncertainties mentioned above, it might not bevelocity profiles might differ from those adopted by CD90

from lab impacts into half spaces; these and other avenues possible to prove at this time that the 300tg exposure age
of the rings is shorter than the age of the Solar System.for future work have been discussed by Durisen et al.

(1992). Durisen et al. (1992) have also suggested, from
their modeling of ring structural evolution, that a some- 7. SUMMARY OF CONCLUSIONS AND

FUTURE WORKwhat larger effective yield would provide a better fit to
the data.

ConclusionsWe refer to Eqs. (22) and (18) to calculate tg ,

Meteoroid bombardment explains regional variations of
ring composition. The meteoroid ‘‘pollution’’ hypothesis

tg P
s(r0)

1.2A ṡeY0
P

s(r0)
2.4FGṡyY0

, (47)
explains in a natural way the observation that the A and
B ring particles are redder and brighter than the C ring
and Cassini division particles.where the factor 1.2 allows for the exact numerical version

of ejecta yield and other parameters are as described in Organic material the leading contender for ring ‘‘red-
ness.’’ No silicates have the appropriate combination ofSection 4.4. We adopt s(r0) 5 100 g cm22, A P 1 (CD90,

Fig. 13), FG 5 3, and ṡy 5 4.5 3 10217 g cm22 s21. Then steep spectral slope and high absorptivity to explain the
rings’ visual color while remaining compatible with micro-
wave observations. We have shown that one of the several
organic ‘‘Tholins’’ does so very easily.300tg P 108 years S 3

FG
DS4.5 3 10217 g cm22 s21

ṡy
DS3 3 104

Y0
D,

Neutral extrinsic material responsible for post-formation
darkening. Material with properties like Carbon black,(48)
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TABLE IV Ring age much less than Solar System age. For the best
current estimates of the important parameters (impact

Parameter Definition yield and meteoroid flux) the ring age is inferred to be on
the order of 100 million years.a Slope of imaginary index with wavelength

AC,G,V,UV Ring particle albedo in Voyager clear, green, violet, and
Future WorkUV filters

Al Spherical albedo of a ring particle at wavelength l
Radially variable viscosity. As discussed in detail by

A (t) Probability of meteoroid impact for given t
Durisen et al. (1992), reasonable viscosity depends not onlyh Retention efficiency of absorbing properties following

impact on ring optical depth but on particle size—especially in
h9 ;hfext the high optical depth limit where nonlocal effects (Wis-
f(i,a,e) Mass fraction (ice, intrinsic absorber, extrinsic material) dom and Tremaine 1988) dominate. A fundamental aspect
f(eB,eC) Current mass fraction extrinsic material in (B, C) ring

of our model is radially variable opacity k which impliesfext Mass fraction of extrinsic material with absorbing prop-
radially variable particle size (Section 4.1) and thus viscos-erties

FG Gravitational enhancement by planet of meteoroid mass ity, but this is not yet incorporated in the model.
flux

Coupled pollution and structural evolution. Our as-g Regolith grain scattering asymmetry factor
sumption of invariant radial mass density profile is proba-k Opacity ; t/s

ni , nr Imaginary and real refractive indices bly not a fundamental flaw in the reasoning, based on
nia,ie Imaginary refractive index of (intrinsic absorber, extrin- structural evolution studies, but it is clearly something that

sic material) one would like to see handled better. Durisen (pers. com-
niB,iC Current imaginary index of material in ring (B, C)

mun. 1996) is working on a ‘‘fast’’ version of the structuralnio Imaginary index of ‘‘primordial’’ material in rings B and
evolution code which will be combined with our pollutionC

p Similarity parameter for radial shape of runs (Section transport modeling in the future.
4.4.3)

Groundbased radial profiles of reflectance. Technologypv Geometric albedo at groundbased visual wavelengths
has evolved to the point where spatially resolved profiles ofpUV,V,G Geometric albedo in Voyager UV, V, or G filter band

Ãl Single scattering albedo of regolith grain (excluding dif- the rings should soon be attainable at near-IR wavelengths
fraction) where diagnostic spectral features of silicates might be

q Phase integral found.
Q Ring particle size parameter (Showalter and Nicholson

Better constraints on impact yield. The situation in1990)
rg Regolith grain radius which projectiles impact a surface composed of particles
r0 Reference radius in ring plane of the same size (more or less) needs to be modeled in
Rl

1,l2
Ratio of reflectivity at l1 to that at l2 more detail. Impact yield, ejecta velocity distribution as a

s Surface mass density
function of mass, velocity, and angle, and survival percent-ṡ Mass flux
age of non-icy material are all parameters that might beṡy Unfocussed, one sided, interplanetary mass flux

ṡe Two sided mass flux arriving at the ring plane better constrained in this way. We will never solidly con-
ṡim Two sided mass flux impacting within the rings strain the ring age from arguments such as those presented
ṡej Ejecta mass flux

here without good knowledge of these parameters.
t Normal optical depth
tg Gross erosion time 5 s/ṡej Better fluxes; better albedos/colors: Cassini! Cassini ob-
x Ratio of ejecta velocity to orbital velocity servations will be essential to provide the projectile flux.
Y0 Mass of ejecta per unit mass of projectile (at 14 km/s) We expect the CDA (Cosmic Dust Analyzer) to county Distribution of ejecta with angle and optical depth

particles directly up to 100 em size or so; another handle(CD90)
on the projectile size distribution might be a better under-z Combination of B and C ring properties (Eq. (28))
standing of how the creation of ‘‘spokes’’ relates to impact
by particles in the centimeter to meter size range (Goertz
and Morfill 1983, Cuzzi and Durisen 1990). Improved color
and albedo data with good spatial resolution will be neededas seen in at least some comets and IDP’s, is needed to
to extend and improve the analysis presented here. Thisexplain how the darker rings are less red.
will require good radiative transfer modeling of the ringsRadial profiles further support ballistic transport mecha-
as well as new observations.nism and provide constraint on ring age. The good

agreement between the model gross erosion times compati-
ACKNOWLEDGMENTS

ble with the observed radial color profile and inferences
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ring composition and provided numerous discussions about radiative the difference is a factor of two. We have had several discussions on this
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which is really only appropriate in the case where the projectile velocity
is normal to the ring plane. In actuality there is averaging over many

APPENDIX A: DETERMINATION OF AC FROM relative ring plane orientation angles, and in fact the Shoemaker and
VALUES AT UV, V, G Wolfe expression, which scales the flux crossing a disk rather than an

annulus, may be an even better estimate once all incident angles are
In order to calculate the albedo AC from Bond albedos which we averaged over. There appears to be no simple answer. A good way to

calculate at other Voyager wavelengths using our regolith albedo code, determine the gravitational focusing factor is by numerical integration;
we generate appropriate weighting factors. We begin with our profiles this is underway (Dones, pers. commun. 1996). In the most probable
of (I/F)l as functions of radius. A polynomial fit to the three spectral limit for this case (Oort cloud type orbits), the gravitational focusing is
bands (UV–V–G) is created for each radial bin; the effective wavelengths weak and, even using the smaller Morfill/Colwell factor, decreases from
are obtained using the same weighting functions as in Eq. (A1) below. our prior value of FG 5 4.4. only to FG 5 2.7; we will adopt a value
We average these individual spectra over all radial bins in each main ring FG 5 3.
to obtain the resulting spectra kI/F ll , which are similar to groundbased Finally, D. Hamilton (pers. commun.) has called to our attention some
observations of the spectral reflectivity of the rings as a whole in the inconsistencies in the derivation leading to Eq. A(77ff) of CD90. The
visual wavelength range (see, e.g., Fig. 24 of Esposito et al. (1984), and correct expression for c2 is indeed twice that given (i.e., c2 5 aS/RS p
Karkoschka (1994)). We then define a scaling coefficient cC to represent 25 3 103; the numerical value cited had an additional error). Because
all the unknown (wavelength-independent) scattering functions and to our expression for V 2

y lacks the same factor of 2, Eq. (78) of CD90 for
relate kI/F ll for each ring to the corresponding clear filter ring particle R/RS is actually only a factor of 2 low. The corrections actually provide
Bond albedo AC , a better approximation for the value of gravitational focusing factor

normally given (which was the main purpose of the section in question).

cCAC 5
elkI/F llBlVlOlFC(l) dl

elBlVlOlFC(l) dl
5 I C , (A1)

REFERENCES

where Bl is the Planck function for the Sun, and Ol , Vl , and FC(l) are Bohren, C. F., and D. R. Huffman 1983. Absorption and Scattering of
the response functions of the camera optics, vidicon, and clear filter, Light by Small Particles. Wiley, New York.
respectively (Danielson et al. 1981). The quanity I C is the I/F that would

Brinton, K. L. F., and J. L. Bada 1996. A reexamination of amino acids inbe observed in the clear filter. Then, we note that a ‘‘sampled’’ version
lunar soils: Implications for the survival of exogenous organic materialof AC is obtained if the filter function is zero everywhere except for in
during impact delivery. Geochim. Cosmochim. Acta. 60, 349–354.the UV and G passbands; specifically, this defines the constants cUV and cG :

Buratti, B. J. 1984. Voyager disk-resolved photometry of the saturnian
satellites. Icarus 59, 392–405.

AC P
1
cC
FelkI/F llBlVlOlFUV dl 1 elkI/F llBlVlOlFG dl

elBlVlOl(FUV 1 FG) dl
G (A2) Buratti, B. J. 1988. Enceladus: Implications of its unusual photometric

properties. Icarus 75, 113–126.

Buratti, B. J., and J. Veverka 1984. Voyager photometry of Rhea, Dione,
5

1
cC
FcUVI UV 1 cGI G

cUV 1 cG
G .

Tethys, Enceladus, and Mimas. Icarus 58, 254–264.

Buratti, B. J., J. A. Mosher, and T. V. Johnson 1990a. Albedo and color
maps of the saturnian satellites. Icarus 87, 339–357.Then, requiring that cUV 1 cG 5 1,

Buratti, B. J., F. Wong, and J. Mosher 1990b. Surface properties and
photometry of the uranian satellites. Icarus 84, 203–214.AC 5 cUVAUV 1 cG AG . (A3)

Burns, J. A., M. R. Showalter, and G. E. Morfill 1984. The ethereal rings
of Jupiter and Saturn. In Planetary Rings (R. Greenberg and A. Brahic,In Eq. (A3) above, we made use of the fact that, by definition of the

normalization constant cC , Eds.), pp. 200–274. Univ. of Arizona Press, Tucson.



COMPOSITIONAL EVOLUTION OF SATURN’S RINGS 33

Bussoletti, E., L. Colangeli, A. Borghesi, and V. Orofino 1987. Tabulated Dones, L. 1987. Dynamic and Photometric Studies of Saturn’s Rings.
Ph.D. thesis, Univ. of California, Berkeley.extinction efficiencies for various types of submicron amorphous carbon
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